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ABSTRACT
The yeast alcohol dehydrogenase 1 would appear to be a good 
enzyme for protein engineering as its amino acid sequence is known and a 
large amount of information on its enzymic mechanism has been gained 
by extensive kinetical observations. Based on chemical studies, enzyme 
analysis and computer model building studies, a model has been proposed 
for the structure of the substrate binding site (active site area) in the yeast 
enzyme which is based on the horse enzyme structure. This model was 
proposed in an attem pt to explain the observed differences in the substrate 
specificity between the yeast alcohol dehydrogenase and the horse alcohol 
dehydrogenase. The horse enzyme was used for comparative studies as 
its 3-D structure is known and its sequence is homologous to the yeast 
enzyme. Based on these studies, it was suggested th a t several bulky 
amino acids in the substrate binding site of the yeast enzyme are 
responsible for the narrow specificity of this enzyme.
In our first studies, we engineered two changes into the yeast 
enzyme. The results indicated that the engineered enzyme had a greater 
reaction velocity towards larger alcohols like hexanol, heptanol and 
octanol. Although, the substrate binding site appeared to be enlarged in 
this m utant, it was not sufficient enough to accept large alcohols like 
cyclohexanol and benzyl alcohol which are good substrates for the horse 
enzyme.
After the first observations, we changed several amino acids in the 
substrate binding site of the yeast enzyme. The substitutions at these 
positions were carried out in order to identify the change which would 
have a bigger im pact on the expansion of substrate binding site. 
Surprisingly, none of these changes produced any marked increase in the 
ra te  of activity towards larger alcohols like cyclohexanol and benzyl
alcohol as com pared w ith  the  wild type enzym e. M ultip le  am ino acid 
changes were in troduced hoping th a t  th is would have an  additive effect in 
increasing  the  space available for large alcohols in  the su b stra te  b inding 
site. The kinetic  p a ram eters  of these m u ta n t enzymes did not indicate  a 
m arked  difference in the ra te  of activity  tow ards larger alcohols.
Some of the a ltered  kinetic param eters have been correlated w ith the 
sligh tly  increased  space and  decreased hydrophobicity in  the  active site 
a rea . A lthough, some of the  m u tan ts  showed in te res tin g  resu lts , all the  
m u ta n ts  failed to catalyse cyclohexanol or benzyl alcohol. B ased on these 
observations, we conclude th a t  e ither the  horse ADH and  the  y east ADH 
active site a rea  are  not as sim ilar as proposed or th a t  unsuspected  amino 
acids have  m ore control on the  su b s tra te  specificity  th a n  h a s  been  
suggested .
1INTRODUCTION
1.1 PROTEINS: STRUCTURE-FUNCTION 
RELATIONSHIP
Proteins are the most abundant macromolecules in living cells and 
constitute 50% or more of their dry weight. The key to the structure of the 
thousands of different proteins is the group of relatively simple building 
block amino acids from which the proteins are built. All proteins are 
constructed from the same basic set of 20 amino acids, covalently linked in 
characteristic sequences. Each of these amino acids has a distinctive side 
chain which gives it chemical individuality. This group of 20 amino acids 
may be regarded as the alphabet of protein structure.
Proteins can be regarded as the principal dynamic molecules in 
living cells owing to their unparalleled ability to perform an immense 
range of biological functions. These include indispensable roles in 
catalysis, transport and storage, co-ordinated mobility, maintenance of 
ce llu lar s tru c tu ra l in teg rity , im m une protection and m etabolic 
regulation. Enzymes are the most remarkable and highly specialized 
proteins with a capacity to mediate critical biological processes tailored to 
a variety of conditions where life exists.
W hether the protein performs a structural or enzymatic role in the 
cells, it does so, normally not as an extended chain, but as a compact and 
folded chain. The fold of the chain is the same for all copies of the protein 
and serves to m aintain a particular shape, of structural importance, or to 
bring together certain amino acids such tha t their chemical groups are 
positioned to effect catalysis. There is no obvious relationship in which
2seq u en tia lly  rem ote  am ino acids con tribu te  to any given p a r t  of the  
struc tu re . The relation  m ay indeed be an  all-to-one relationship  in  which 
every am ino acid in  the sequence contributes, to a g rea ter or lesser extent, 
to the  m ain tenance  of each sub-structure .
The functional diversity  exhibited by enzym es is based on an  equally 
ex trao rd in a ry  s tru c tu ra l d iversity . The lin ear sequence of am ino acids 
un ique  to each pro te in  de te rm ines its  charac teristic  th ree  d im ensional 
form. H igher order s tru c tu ra l d iversity  can be achieved by self-assem bly 
of m onom eric u n its  in to  m olecu lar m acro stru c tu res . I t  is a goal of 
p ro te in  chem ists to explain  the  function of these  m olecules in  te rm s of 
th e ir  s tru c tu re  and  to derive a set of basic principles th a t  will allow the 
design of p ro teins w ith novel struc tu res and functions.
The u n d ers tan d in g  of biological functions requ ires the  identification 
of indiv idual am ino acid residues involved in  the crucial in teractions. For 
th is  purpose two stra teg ies have emerged:
1) T his involves selective chem ical m odification of residues w ith in  the  
p ro te in  (H irs, 1967, H irs and  Tim asheff, 1972). A lthough, there  is m uch 
u se fu l in fo rm a tio n  th a t  has been  derived  from  th is  app roach , th e  
m odifications a re  rare ly  specific enough to be decisive. The m ain  problem 
associated w ith  th is  approach is the  likelihood of several amino acid side 
chains in te rac tin g  w ith  a reag en t u n d e r a given set of circum stances to 
produce p ro te in s th a t  a re  he terogenous w ith  respect to th e  ex ten t of 
deriva tisa tion . F u rth e r, these chem ical m odifications usually  re su lt in  a 
change in  m ass or charge, w hich can influence the  active site. F inally , 
reag en ts  are  no t available th a t  allow th e  m odification of all the residues 
w ith in  the  combines of the  active sites.
2) T he second s tra teg y  involves s tu d ies  of the  effects of am ino acid 
rep la ce m e n ts  in  the  p rim a ry  sequence. The an a ly sis  of n a tu ra lly  
occurring  m u ta n t p ro teins has proven to be invaluable  in  study ing  the
3w ildtype molecule. P ioneering studies on hemoglobin v a rian ts  by P eru tz  
a n d  h is  cow orkers w ere  e s se n tia l  to u n ra v e lin g  th e  fu n c tio n a l 
com plex ities of hem oglobin  (D ickerson, 1983). A dd itiona l c ritic a l 
in fo rm atio n  can  be ob ta ined  from  sequence function  com parisons of 
p ro teins from  different species or cell types. These com parisons pin-point 
conserved  res id u es  th a t  could be req u ired  for function  and  variab le  
res id u es  th a t  a re  likely to p lay  no critical role. R ecent advances in  
m o lecu la r biology have obviated  our reliance  on n a tu ra lly  occurring  
hom ologs, w hich has allowed us to deliberately  modify th e  am ino acid 
sequence by a genetic approach.
T here a re  several conditions th a t  have to be m et before one considers 
m odifying the  genetic sequence th a t encodes the  protein of in terest:
1) th e  gene or cDNA (natu ra l or synthetic) encoding the protein  m ust 
be com pletely sequenced,
2) 3-dim ensional s truc tu re  of the protein  or knowledge about crucial 
am ino acids in  the  pro tein  from sequence-function com parison of 
p ro teins from different species m ust be obtained,
3) an  expression system  m ust be available th a t  can produce sufficient 
q u an titie s  of the  protein for biochemical and s truc tu ra l analysis and,
4) th e  modified proteins m ust be readily  purified and assayed.
I t  is now possible to isolate and determ ine the  linear order of m onomeric 
u n its  of v ir tu a lly  any  DNA, RNA or p ro te in  com ponents of th e  cell. 
A lterna tive ly , if  th e  complete am ino acid sequence of the  p ro te in  to be 
stud ied  is known, i t  is possible to synthesize a DNA sequence th a t encodes 
the  protein.
I t  is possible to replace any am ino acid in  a pro tein  by changing the 
DNA coding sequence or several am ino acids can be added or rem oved. 
E ffic ien t app lica tion  of th is  approach  requ ires p rio r know ledge of the  
re la tiv e  im portance of a given am ino acid w ith  respect to the  re s t of the
protein. The best way to obtain such information about a protein is to get 
the X-ray diffraction patterns of protein crystals. In these cases, the 
accurate 3-dimensional structure of a protein may suggest functional 
roles for individual amino acids. Computer graphics-assisted model 
building studies can then suggest amino acid residue replacements that 
may predictably modify the activity of the protein. If direct observation 
fails to localize possible functional residues in the protein sequence, an 
approach of random mutagenesis involving DNA replacements, 
insertions, or deletions throughout the coding region can be applied to 
identify important regions of the protein by determining the structural 
and functional consequences of the mutation(s). The power of this 
approach is that unsuspected chemical relationships among functional 
groups of the protein can be discovered.
1.2 SITE-SPECIFIC M U TAG EN ESIS
Oligonucleotide-directed site-specific mutagenesis offers a convenient 
method for introducing a particular amino acid substitution at a unique 
position. The successful application of this method requires that the DNA 
sequence to be mutagenised be cloned into a vector that is capable of 
autonomous replication e.g., plasmids or viral genomes. Currently there 
are a number of relatively simple and reliable procedures for 
oligonucleotide-directed mutagenesis (see Chapter 3). The choice of which 
method to use may depend simply on the familiarity of an individual with 
the particular vector system, expression system and enzymes utilized with 
the method. Once the experimental rationale and the desired changes 
have been formulated, the next step is the design of the oligonucleotide to 
direct the mutagenesis. Three factors should be considered in this regard:
51) the synthetic capability,
2) placem ent of the  m ism atch w ithin the oligonucleotide,
3) competing sites w ithin the vector or in the  cloned fragm ent.
Short oligonucleotides can be synthesized in vitro by e ither enzym atic 
or chem ical m eans. The enzym atic m ethods provide relatively  low yields 
of the final product and are dependent on slow empirical reactions (H inton 
et al., 1982). T he chem ical p rocedures based  on p h o sp h o d ie s te r  
(D uckw orth et a l., 1981) or phosphite chem istry  (A lvarado-urbina et al., 
1981) a re  the  m ost w idely used. N ow adays, the  tren d  is tow ards the  
developm ent of solid phase procedures th a t are  am enable to e ither m anual 
or autom atic operation (see C hapter 3).
S tud ies by G illam  and  S m ith  d em onstra ted  the  efficacy of sho rt 
oligonucleotides 8-12 long to direct m utagenesis in  (j)X174 (Gillam, 1981).
G enera lly  people use oligonucleotides ran g in g  in  len g th  from  14-21 
nucleotides. Oligomers in  th is  range serve as prim ers for DNA synthesis 
a t  room  tem p e ra tu re  and  above. In  addition , they  a re  m ore likely  to 
recognise the  un ique  ta rg e t in the  vector recom binant DNA th a n  are  
sh o rte r oligonucleotides. The synthesis of oligonucleotides 14-21 long is 
well w ith in  the capacity of the  chemical m ethods presently  available.
The oligonucleotide is designed so th a t  the  m ism atch(es) is located 
n e a r  the  m iddle of the  molecule. This is very im portan t if  the  oligomer 
will be used as a  probe to screen for the m u tan t. The purpose of placing 
the  m ism atch in  the  m iddle is to achieve the  g rea test binding differential 
betw een a perfectly  m atched  duplex and a m ism atched duplex (Sm ith, 
1983). The m ism atch  being in  the m iddle also protects the  oligomer from 
exonuclease  a c tiv ity  of DNA po lym erase . Escherichia coli DNA 
polym erase I contains in trin sic  5' to 3' and  3' to 5' exonuclease activities. 
The large  fragm en t (Klenow derivative) lacks the  5' to 3' exonuclease 
activity , and  therefore  is used in  oligonucleotide-directed m utagenesis to
6p rev e n t co rrection  of th e  m ism atch . P lacem en t of the  m ism atched  
nucleotide n ea r the  3' end m ight resu lt in  repa ir of the m ism atch by the  3' 
to 5' exonuclease  a c tiv ity  s till  p re se n t in  DNA po lym erase  (large 
fragm ent). G illam  and S m ith  have dem onstra ted  th a t  th ree  nucleotides 
follow ing th e  m ism atch  a re  enough to p ro tec t a g a in s t th is  problem  
(Gillam, 1979).
The fin a l step  in  design ing  the  m utagen ic  oligonucleotide is to 
conduct a com puter analysis of the DNA sequences of the vector and  the 
cloned fra g m e n t for reg io n s of p a r t ia l  co m p lem en ta rity  w ith  th e  
m utagen ic  oligonucleotide.
The purpose of th is  step  is to iden tify  com peting sites from  which 
p rim ing  m ig h t also occur. Such analysis m ight ind ica te  the  need  to 
extend th e  oligomer, or w hether one s tra n d  of the  cloned fragm en t is a 
b e tte r  tem pla te  th a n  the other. Generally, a competing ta rg e t site w ith  a 
predom inance of m atches w ith  the 3' end of the oligonucleotide will be a 
m ore efficient prim ing site th a n  the  one th a t  exhibits com plem entarity  to 
the  5' end of the  oligomer (Sm ith, 1983).
Once the  oligonucleotide is designed and synthesized, i t  is preferable 
to sequence th e  oligonucleotide before proceeding w ith  the  m utagenesis 
ex p erim en t. N orm ally , o ligonucleotides sy n th esized  by a u to m a te d  
p rocedures a re  no t sequenced as the  chances of m isinco rporation  of 
nucleotides a re  a lm ost nil. Oligonucleotides synthesized m anually  should 
be sequenced  before proceed ing  w ith  th e  experim en t (for d e ta iled  
discussion see Section 3.5).
71.3 YEAST ALCOHOL DEHYDROGENASE-1 ISOZYME
We have chosen to work on yeast the alcohol dehydrogenase I isozyme 
because a fair amount of information is available about its structure by 
analogy with horse liver alcohol dehydrogenase enzyme. In fact, the most 
studied yeast alcohol dehydrogenase is a cytoplasmic protein usually 
obtained from baker's yeast (Y-ADH). This enzyme is synthesized 
constitutively and is considered to function in alcoholic fermentation. 
Alcoholic fermentation is a process in which micro-organisms ferment 
glucose to ethanol and carbon-dioxide rather than to lactate. As yeast 
contains no lactate dehydrogenase, two alternate enzymatic reactions take 
place. In the first, pyruvate resulting from the breakdown of glucose loses 
its carboxyl-group by the action of pyruvate decarboxylase
CH3—C — COO“—* C H 3 -C -H  + CO2
O O
PYRUVATE ACETALDEHYDE
In the next step, acetaldehyde is reduced to ethanol with NADH 
derived from glyceraldehyde-3-phosphate dehydrogenation furnishing the 
reducing power, through the action of alcohol dehydrogenase.
C H 3 -C -H  + NADH + H+ —  
6 II 
O
CH3 - C H 2 0 H + NAD+
ACETALDEHYDE ETHANOL
8A second isozyme is also present in Saccharomyces cerevisiae. This 
enzyme is repressed by glucose, has a broader substrate specificity 
(Fowler, 1972) and is selectively produced by yeast grown on lactate or 
ethanol as a sole carbon source. The second isozyme, therefore, 
participates in the formation of carbohydrates from ethanol during 
oxidative metabolism. The fermentative and oxidative isozymes are 
synthesized from separate gene loci. In addition, a mitochondrial yeast 
alcohol dehydrogenase isozyme has been identified. This third isozyme is 
also sensitive to glucose repression (Fowler, 1972). Its synthesis may, 
therefore, be related to that of the soluble oxidative isozyme, but it may also 
represent a third gene locus of alcohol dehydrogenase in yeast.
Yeast alcohol dehydrogenase I isozyme is a tetramer of molecular 
weight 140,000-150,000 (Cohen et al., 1971) as determined by 
ultracentrifugation and gel filtration. Chelating agents, urea (Sund et al., 
1963), maleylation (Butler et al.y 1969), sodium dodecyl sulfate (Hersh, 
1962), sulfhydryl reagents (Heitz et al.y 1968) and thiol oxidation (Buhner et 
al.y 1969) have been used to dissociate the molecule into subunits. Most 
values thus observed for the molecular weight of the subunit are in the 
range 36,000-37,000. Association to complexes of higher molecular weight 
has also been observed (Sloan, 1974).
A number of zinc analyses have been made with different techniques 
(Curdel, 1968). The amount of zinc determined varies in the range 3.2 - 5.2 
atoms per molecule. The generally accepted value has been four tightly 
bound zinc atoms per molecule or one zinc atom per subunit. However, as 
will be discussed later, there are strong indications that the subunits of 
Y-ADH and H-ADH have similar structures, possibly including the 
presence of two zinc atoms.
9The subunit of Y-ADH is rela ted  to th a t of the H-ADH. A struc tu ra l 
com parison (Jom vall, 1978) of the Y-ADH prim ary  structu re  to the known 
te r tia ry  s tru c tu re  of the corresponding H-ADH afte r proper a lignm ent of 
the  two proteins (Figure 1) has indicated th a t 90 of the 93 strictly  in te rnal 
residues are sim ilar, 18 space restric ted  glycine residues are  conserved, 
16 s tru c tu ra lly  com pensa ted  exchanges occur an d  all fu nc tiona lly  
e sse n tia l res id u es are  s im ila r  or iden tica l. F rom  the  region w here 
sequence com parisons can  be m ade betw een  th e  y east and  the  horse 
enzym e (E klund et al., 1976), only those residues are  ex tracted  for which 
th e  side chains are  im p o rta n t for s tru c tu re  or function  of the  horse 
enzym e, as deduced from the  X-ray s tru c tu re  (E klund et al., 1976) (see 
Table 1.1). (P K  '•«).
A detailed  analyses shows th a t  residues 11-14 (all num bering  refers 
to the H-ADH) m ust all be non-polar since there  are  hydrophobic cores on 
bo th  sides of th is  s tran d . R esidues 36, 38 and 40 w hich poin t in to  a 
hydrophobic core are conservative, w here as the  adjacent residues 37 and 
41 which point into solution are non conservative. Residues 69-71 all have
All conserved glycine residues are listed  in Table 1.2. All positions in 
th e  H-ADH w here the  s tru c tu re  requires a glycine residue are  conserved 
in  the  Y-ADH enzyme. An in te resting  observation is th a t glycine residues
p leated  sheet and  th a t  m ost of these glycine residues are conserved.
Residues in  the H-ADH th a t  partic ipa te  in  su b stra te  b inding  or the  
cataly tic  m echanism s are  listed  in  Table 1.3 together w ith the  equivalent 
res id u es in  the  Y-ADH. The critical side chain ch arac te r of all these  
residues are unchanged or replaced in  Y-ADH so th a t  they  are compatible 
w ith  largely conserved function. All ligands to both zinc atom s in  H-ADH 
are  conserved. A zinc atom  is essen tia l for catalysis in  H-ADH. It binds
sm all non-polar side chains for steric reasons.
a re  freq u en t in  loop regions betw een a helix and  a s tra n d  of pa ra lle l
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the substrate and participates in an acid-base system for the removal of 
protons, with the help of a water/hydroxyl ion and possibly a proton 
release to the surface of the molecule. A second zinc atom is also present 
in the catalytic domain. It has no known function and is in an area with 
comparatively new elements of secondary structure. Since Y-ADH has 
been reported to have one zinc per subunit (as discussed earlier), it is 
surprising that all four cysteine residues which are ligands to the second 
zinc in H-ADH are also conserved. Thus, it is possible to conclude that the 
Y-ADH in all probability has two firmly bound zinc atoms per subunit or, 
alternatively, S-S bridges in this region.
1.3.1 CHEMICAL MODIFICATION STUDIES
1) CYSTEINE RESIDUES
The Y-ADH has 8 (Buhner et al., 1969) free SH groups per subunit 
and is inhibited by thiol reagents. Two of the cysteine residues are 
especially reactive toward chemical modification. Thus, one residue per 
subunit is selectively alkylated with iodoacetate (Harris, 1964) and a 
different one with butylisocyanate (Twu et al., 1973). In both cases the 
enzyme is inactivated and protected by the coenzyme against modification, 
suggesting that these residues are at the active sites of the enzyme. The 
two residues are now known (Jomvall et al., 1975) to be homologous to the 
two reactive cysteine residues in the horse enzyme, Cys46 and Cysl74 
which are ligands to the active site zinc atom.
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2) ARGININE RESIDUES
B utaned ione or phenylglyoxal (L anse et al., 1974) in ac tiv a te  the  
enzym e and  modify two a rg in ine  residues per subun it. NADH offers 
p a rtia l protection. I t  has, therefore, been suggested th a t, in  the  yeast 
enzym e as well as in  th e  m am m alian  enzym es, a rg in in e  res id u es  
p a rtic ip a te  in  NADH binding , pe rh ap s th ro u g h  in te rac tio n  w ith  the  
coenzyme pyrophosphate bridge.
3) THE COBALT ENZYME
Y e as t sy n th e s iz e s  a g ree n  cobalt c o n ta in in g  y e a s t alcohol 
dehydrogenase (Curdel et a l 1968) in  m edia containing cobalt w ith  zinc 
as im purity . The absorption spectrum  of the  cobalt con tain ing  enzyme 
shows big differences form th a t  of norm al enzyme. F oster et al., (1979) 
po in ted  out th a t  th is  spectrum  w as sim ilar to th a t  of te trah e d ra l cobalt 
(II). Moreover, the presence of a charge tran sfe r bond a t 375nm  indicated 
th a t  the  cobalt (II) atom  is bound in  a roughly te trah ed ra l environm ent by 
a t  le a s t one cysteine. They fu r th e r  suggested  th a t  the  m eta l is co­
o rd inated  to th ree  p ro te in  ligands, two of which are  cysteine. A w ater 
m olecule th a t  can be displaced by a chelating  ligand com pletes the  co­
ordination . This proposed m etal b inding agrees aston ish ing ly  well w ith 
th e  co-ord ination  of th e  ca ta ly tic  zinc in  th e  H-ADH w hich  in  all 
probability  is identical in  the Y-ADH.
In  conclusion, i t  seem s very  probable th a t  th e  th ree-d im ensional 
s t ru c tu re s  of th e  su b u n its  of th e  y e a s t an d  th e  h o rse  alcohol 
dehydrogenases, includ ing  the  p resence of two zinc a tom s, a re  very  
sim ilar. There m ust be differences in  the  subunit contacts since the  yeast 
enzym e is te tram e ric  and  the  live r enzym e dim eric. T here  a re  also
12
differences in the size of the chain since the yeast enzyme is about 40 
residues shorter.
1.3.2 SUBSTRATE SPECIFICITY
Y-ADH oxidises all prim ary straight chain alcohols tested but the 
reactivity with branched-chain alcohols as well as with secondary alcohol, 
is very low (Table 1.6). With the exception of methanol in the straight- 
chain homologous series, the reactivity decrease as the chain length 
increases. A stra igh t line relationship was obtained between the 
logarithm of electronegativity and the number of carbon atoms, indicating 
the importance of electronegativity and the dissociation ability of the 
carbinol group (van Eys et al., 1957). Not only the electronegativity 
influences the substrate specificity, but also the substitu tion of the 
substrate. It is postulated tha t this effect is due to steric hindrance and 
orientation on the enzyme surface.
H-ADH possesses a very broad specificity for its substrates - alcohols 
(Table 1.4), aldehydes and ketones (Table 1.5). This enzyme reacts with a 
variety of primary and secondary alcohols, with aromatic as well as with 
aliphatic alcohols. It does not react with tertiary alcohols such as butanol 
and phenol or with steroid alcohols. It reduces aliphatic and aromatic 
aldehydes and aromatic ketones.
Y-ADH differs in many ways in its substrate specificity from H-ADH. 
One of the most interesting differences is that cyclohexanol is a substrate 
for H-ADH but not for Y-ADH. Sim ilar situation is observed in the 
investigations by Dickinson and Dalziel (1967) on a number of secondary 
alcohols. They found tha t Y-ADH enzyme is completely inactive toward 
those secondary alcohols where both alkyl groups are larger than methyl 
and active with only one isomer of butan-2-ol and octan-2-ol. This is in
13
contrast to H-ADH which is active towards all substrates mentioned. 
This must result from differences in the part of the substrate binding 
pocket that is close to zinc in H-ADH. Based on comparisons as discussed 
before Branden et al., (1975) concluded that the main differences in the 
active site pocket region are 93Phe and 48Ser in H-ADH to Trp and Thr, 
respectively in Y-ADH. The effect of these changes is a smaller substrate 
binding pocket as compared to H-ADH .
1.4 COMPAKISON OF Y-ADH WITH OTHER ALCOHOL 
DEHYDROGENASES
Another example that may support the hypothesis mentioned above is 
the ßißi isozyme of the human liver alcohol dehydrogenase enzyme. The 
determination of the amino acid sequence of ßi subunit from the class I 
human liver alcohol dehydrogenase isozyme ß iß i revealed a very 
interesting relationship between the subunit of horse liver alcohol 
dehydrogenase and the human enzyme (Hempel et al.,1984). Substitutions 
close to the active site pocket are of interest to explain the altered substrate 
specificity and different catalytic activity of the ßi homodimer. As 
discussed in the case of the yeast alcohol dehydrogenase, the substitution 
to Thr at position 48 in the human enzyme, instead of Ser in the horse 
enzyme may explain the reduced specificity of ßißi for large substrates 
like benzyl alcohol (Buhler et al., 1982). In fact benzyl alcohol is a 
substrate for the human yiyi enzyme with Ser at position 48 (Buhler et al., 
1984).
Other substitutions influencing the substrate binding pocket even 
further include the amino acids at position 57, 110 and the two prolines on 
either side of the amino acid at position 58. The amino acid at position 57 
lines the active site pocket in the horse enzyme. The yeast enzyme has Trp
14
at position 57, instead of Leu in the horse enzyme. Computer graphics 
assisted model building by Ganzhorn et al.y 1987 has also indicated that 
the presence of a bulky side chain at this position may explain the poor 
accessibility of larger alcohols like benzyl alcohol into the active site pocket 
of the yeast enzyme. In the tertiary structure of the horse enzyme the side 
chain of llOPhe lines the active site pocket of EE (ethanol active) enzyme. 
The substitution to Leu in the S-chain (steroid active) has been correlated 
to the difference in substrate specificities between the isozymes (ie., EE 
ethanol active form and SS-steroid active form). The S subunits are active 
towards the 3 ß-hydroxysteroids, unlike the E subunits. Similarly, rat 
liver alcohol dehydrogenase is active towards some steroid substrates 
(Motrkovic et al.y 1971)- The position at 110 is occupied by Leu in the rat 
liver enzyme. Another interesting example is the alcohol dehydrogenase 
of Aspergillus nidulans. In this enzyme, the position at 110 is occupied by 
Leu. This enzyme has a high rate of activity with propan-2-ol as compared 
to ethanol (Creaser et al.y 1985) propan-2-ol is very rapidly metabolised and 
has a very high Km, where as the Km for ethanol is low. It is interesting 
to note that this enzyme has 48Thr, 57Trp and 93Trp like the Y-ADH 
enzyme. The Y-ADH enzyme has Asn at position 110 unlike any other 
enzymes mentioned above. Therefore, llOAsn in the yeast enzyme is one 
of the interesting candidates for the site-directed mutagenesis.
In addition to all the substitutions mentioned above, the two prolines 
which are inserted in the yeast enzyme on both sides of residue 58 could 
diminish the active site pocket even further. These two prolines are 
absent in the horse enzyme.
The objectives of this study are to change the substrate specificities of 
Y-ADH by altering the key amino acid residues as indicated by the 
comparative studies. The result should shed some light on how these
15
amino acid residues in  the  active site play a role in  controlling the narrow  
substra te  specificity exhibited by th is enzyme.
Figure 1.1: Alignment of the amino acid sequences of alcohol 
dehydrogenases from horse liver and yeast.
Top row, horse liver enzyme with positional numbers and with 
elements of secondary structures.
Bottom row, yeast enzyme.
Single letter abbreviations are used for the amino acids:
A: Alanine; C: Cysteine; D: Aspartic acid; E: Glutamic acid;
F: Phenylalanine; G: Glycine; H: Histidine; I: Isoleucine; K: 
Lysine; L: Leucine; M: Methionine; N: Asparagine; P:
Proline; Q: Glutamine; R: Arginine; S: Serine; T: Threonine; 
V: Valine; W: Tryptophan; Y: Tyrosine.
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Figure 1.2: Sequence of the yeast ADH1 gene (Bennetzen and Hall, 1982). 
The top line indicates the base sequence of the gene.
The bottom line indicates the amino acid sequence of the 
protein
A T G TCT ATC C C A G A A ACT C A A A A A GGT GT T A T C TTC TAC G A A TCC CAC GGT A A A TTG
Met Ser H e Pro Gl u Thr Gi n Lys G l y Va l H e Phe Tyr Glu Ser His Gl y Lys Leu
G A A CAC AAG G A T ATT C C A GTT C C A A A G C C A A A G GCC AA C G A A TTG T TG ATC AAC GTT
Glu His Lys A s p H e Pro Va l Pro Lys Pro Lys Ala A s n G lu Leu Leu H e A sn Val
A A A TAC TCT G G T GTC TGT C AC AC T GA C TT G C A C GCT T G G CAC GGT GAC TGG C C A TTG
Lys Tyr Ser G l y Va l Cys His Thr Asp Leu His Ala Trp His G l y A sp Trp Pro Leu
C C A GTT A AG C T A C C A TT A GT C GG T GGT CA C G A A GGT GC C GGT G TC GTT GTC GGC AT G
Pro Val Lys Le u Pro Leu Val G l y G ly His G l u G l y A la G l y Va l Val Val Gl y Met
T TG G A A AA C GT T A A G GG C TGG A A G A T C GG T GA C TAC G C C GGT A T C A A A TGG TTG AAC
G l y G lu As n V a l Lys G l y Trp Lys H e G l y A s p Tyr Al a Gl y H e Lys Trp Leu Asn
GGT TCT TGT A T G GCC TGT G A A T AC TGT G A A T T G GGT A A C G A A TCC AA C TGT CCT CAC
G l y Ser Cys Me t Ala Cys Gl u T yr Cys G l u Le u Gl y A s n Gl u Ser As n Cys Pro His
GCT GA C T TG TCT GGT TAC AC C C A C GAC GG T TCT TTC C A A C A A TA C GCT AC C GCT GAC
Ala A s p Leu Ser Gl y Tyr Thr His As p G l y Ser Phe Gi n Gi n Tyr Ala Thr Ala Asp
GCT GTT C A A G C C GCT C A C ATT CC T C A A GGT A C C GAC T T G GC C C A A GTC GCC CCC ATC
Al a V a l . Gin Al a Ala His H e Pr o Gi n G l y Th r As p Leu Ala G i n Val Ala Pro H e
TT G TGT GCT GGT A T C A C C GTC TA C A A G GCT T T G A A G TCT GCT A A C TTG A T G GCC GGT
Leu Cys Al a G l y H e Thr Va l Ty r Lys A la Leu Lys Ser Ala A s n Leu Met Ala Gl y
CAT TG G GT T G C C ATT TCC GGT GC T GCC GG T GG T C T A GG T T C G T T G GCT GTT C A A TAC
His Trp Va l A l a lie Ser G l y A l a Ala G l y G l y Leu G l y Ser Le u Ala Va l Gin Tyr
G CC A A G GCT A T G GGT TAC A G A G T C TTG GGT A T T GA C GG T GGT G A A GGT A A G G A A G A A
Al a Lys Al a Me t G l y Tyr A r g V a l Leu G l y H e As p G l y G l y G l u G l y Lys Gl u G lu
T T A TT C A G A TCC AT C GGT GGT G A A GT C TTC A TT GA C T TC ACT A A G G A A A A G GAC ATT
Le u P h e Ar g Ser H e Gl y G l y G l u V a l P he H e Asp Phe Thr Lys Glu Lys As p H e
G T C GG T GCT GTT C T A A A G GC C A C T GAC GG T GG T GCT C A C GGT G T C AT C AAC GTT TCC
Va l G l y  'Ala Va l Leu Lys Ala Th r A sp G l y G l y Ala His G l y Va l H e Asn Val Ser
GTT TC C G A A G CC GCT ATT G A A G C T TCT A C C A G A TAC GT T A G A GC T AA C GGT AC C ACC
Val Ser Gl u Al a A la H e Gl u A l a Ser Th r A r g Tyr V a l A r g A l a As n G ly Thr Thr
GTT T T G GT C GGT A T G C C A GCT G G T GC C A A G TGT TGT TCT GAT G T C TTC A AC C A A GTC
Va l Le u Va l G l y Me t Pro Ala G l y Ala Lys Cys Cys Ser A s p V a l Phe A sn Gin Val
GT C A A G TCC A T C TCT ATT GTT G G T TCT TAC G T C GGT A A C A G A G C C GAC ACC A G A G A A
Va l Lys Ser lie Ser H e Val G l y Ser Tyr V a l G l y A s n A r g Al a Asp Thr Ar g Glu
GCT T T G GA C TTC TTC GC C A G A G G T TT G GT C A A G TCT C C A AT C A A G GTT GTC GGC TTG
Ala Leu A s p Phe Phe Ala A r g G l y Leu Va l Lys Ser Pro H e Lys Val Val Gl y Leu
TCT A C C T TG C C A G A A ATT TAC G A A A A G A T G G A A A A G GG T C A A A T C GTT GGT A G A TAC
Ser T h r Leu Pro G l u H e Tyr G l u Lys Me t G l u Lys G l y Gi n H e Val G l y  A r g Tyr
GTT G T T GAC A C T TCT A A A TA A
Va l V al As p Thr Ser Lys och
Table 1.1: Sequence comparison of residues in hydrophobic cores of the horse 
liver alcohol dehydrogenase subunit.
Residue numbers refer to the horse liver protein.
(Jomvall, 1978)
POSITION HORSE YEAST POSITION HORSE YEAST
11 Ala Gly 189 Val Leu
12 Ala Val 195 Cys Val
13 Val Re 196 Ala Ala
14 Leu Phe 197 Val Re
21 Phe Leu 198 Phe Ser
26 Val Re 200 Leu Ala
26 Val Leu 203 Val Leu
38 Re Re 204 Gly Gly
40 Met Val 207 Val Ala
43 Thr Ser 208 Re Val
45 Re Val 211 Cys Ala
52 Val Ala 219 Re Val
59 Thr Thr 220 Re Leu
63 Val Leu 221 Gly Gly
64 Re Val 222 Val Re
65 Ala Gly 232 Ala Phe
69 Ala Gly 237 Ala Gly
70 Ala Ala 250 Re Val
73 Val Val 254 Leu Leu
80 Val Val 262 Val Ala
83 Val Trp 264 Phe Gly
89 Val Ala 266 Phe Re
90 Re Gly 268 Val Val
91 Pro Re 278 Ala Ser
140 Phe Tyr 281 Cys Tyr
143 Thr Asp 282 Cys Val
145 Thr Ser 288 Val Thr
146 Phe Phe 290 Val Val
150 Thr Ala 292 Val Val
151 Val Thr 328 Val Asp
152 Val Ala 331 Leu Glu
157 Val Ala 332 Val Ala
160 Re Re 335 Phe Phe
166 Leu Leu 336 Met Phe
169 Val Val 342 Leu Leu
171 Leu Pro 352 Phe Leu
172 Re Val 355 Re Leu
173 Gly Leu 359 Phe Tyr
176 Phe Gly 362 Leu Met
183 Ala Ala 370 Thr Tyr
186 Val Ser 372 Leu Val
187 Ala Ala 374 Phe Thr
Table 1.2: Conserved residues in alcohol dehydrogenase, and possible 
interference of hypothetical side chains in  their place. 
(Jom vall, 1978)
POSITION IN POSTION OF RESIDUE WITH WHICH A SIDE CHAIN
HORSE PROTEIN INSTEAD OF THE CONSERVED GLYCINE MIGHT
INTERFERE
44 Carboxyl of conserved Glu-68, which is salt-linked to 
conserved Arg-369.
55 None, bu t this residue is affected bg coenzyme-induced 
conformational changes (10).
66 Conserved Phe-146 and side chain of residue 43.
71 Conserved Ile-38 in  in ternal core.
77 M ain chain residue 34 in a reverse turn .
86 This residue is a t position 3 in  a reverse tu rn
192 Main chain residue 216 a t beginning of strand  BB.
199 Interference with adenosine ribose binding. Invariant Gly 
in all dehydrogenases (6).
201,202 Interference with proper positioning of coenzyme. Both 
positions face the coenzyme binding site.
204 Main chain of BA. Invariant Gly in all dehydrogenases(6).
215 Main chain of residue 191.
236 Side chain of Lys-212.
260 This residue is a t position 3 in  a reverse turn .
261 C of residue 255.
287 Side chain of residue 282.
293 Interference with proper binding of nicotinamide ribose.
320 Main chain of Thr-178.
365 None.
Table 1.3: Residues a t positions th a t participate in  enzymatic 
functions of the horse enzyme.
Num ber refers to the sequence of the horse protein.
HORSE LIVER YEAST
1) Active site pocket
48 Ser T hr
57 Leu Trp
before 58 gap Pro
58 Val Leu
after 58 gap Pro
93 Phe Trp
110 Phe Asn
116 Leu Leu
140 Phe Tyr
141 Leu T hr
296 Pro Ala
318 lie He
2) Ligands to active site zinc atom
46 Cys Cys
67 His His
174 Cys Cys
Table 1.4: Substrate specificity of H-ADH with alcohols. (Sund et al., 1963)
Buffer: Glycine-NaOH Glydne-NaOH Glycine-NaOH Glycine-
NaOH
0.1M 0.001M 0.1M 0.1M
pH: 9.50 9.50 9.8-10.0 10.05
Tem perature: 23.5° 23.5° Room temp. 20°
[DPN+] (M): 1.2x10-4 10-4 2.7x10-4 4.2 x 10-4
[Alcohol] (M): 10-2 10-2
[ADH] (M): 1.44 x 10‘8 1 .2 x lO -10 (?) 9 .5 x l0 -8 1.6 x lO '7
ALCOHOL RATE Km(M) RATE Km (M) Km (M ) Km (M)
Ethanol 135 5.3x10-4 9.74 2.4x10-3 2.0x10-3
M ethanol 0 0
ft-Propanol 146 3.49 2.3x10-4
n -Butanol 215 11.6 2.2x10-4
ft-Pentanol 3.20
ft-Hexanol 170 2.8
ft-Heptanol 2.4
ft-Octanol 135 2.0
Allyl acohol 192 4.1x10-4
Isopropanol 0 0 9.2x10-3
sec-Butanol 3.49
tert-Butanol 0 0
te/t-Pentanol 0 0
Amyl alcohol 160
Isoamyl alcohol 167
3-Hexanol 35
Benzyl alcohol 118
3-Phenyl-l- 46
propanol
Cylcopentanol 0
Cyclohexanol 135 1.3x10-3 13.4 1.6x10-3
Methylcyclo- 108
hexanol
2-Methylcyclo- 1.19
hexanol
3-Mtheylcyclo- 2.1
hexanol
4-Methylcyclo- 13.1
hexanol
4-ter£-Butylcyclo- 4.25
hexanol
£raftS-2-Chloro- 0
cylcohexanol
Cycloheptanol 6.54
Furfuryl alcohol 108 1.4x10'4
Inositol 0
Testosterone 0
Hydrocortisone 0
Table 1.5: Substrate specificity of Horse Liver ADH; activity with aldehydes
and ketones. (Sund et a/., 1963)
Buffer: Phosphate, fi = Phosphate, Triethanol Phosphate,
0.1 0.001 M amine, 
0.05 M 0.1 M
pH: 6.95 7.00-7.20 7.4 7.2
Temperature: 23.5° Room temp- 
ature
22°-23° 23°-26°
[DPNH] (M): 3.21 xlO"6 10-4 2xl0-4 1.47xl0-2
(?)
[Aldehyde] or 
[Ketone] (M):
5.0x1 O'5 10-3
[ADH]: 4.84x10-9 1.2x10-10(?) 2x10-8 ?
CARBONYL RATE Km RATE Km Km Km
COMPOUND (M) (M) (M) (M)
ft-Butyraldehyde 510
Cinnamaldehyde 350
Furfural 236 7.7x10-6
Isovaleraldehyde 208
Benzaldehyde 55
Acetaldehyde 30 2.1x10-4 68.2 1.6x10-4
Formaldehyde 7 8x10"3
Cyclohexanone 5 1.9x1 O'3 8.52
D.L’Glycer aldehyde
4-Methylcyclo-
hexanone
2
6.84
3x10-2
3-Methylcyclo-
hexanone
3.05
2-Methylcyclo-
hexanone
3.86
2-Chlorocyclo-
hexanone
4.23
Cycloheptanone 3.52
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CHAPTER TWO: MATERIALS AND METHODS
2.1 MATERIALS
2.1.1 BACTERIAL. YEAST STRAINS AND MEDIA
B acterial and yeast s tra in s used in th is study are described and listed 
in  Table 2.1. E.coli s tra in s were grown a t 37° and stored a t 4° on 2YT agar 
p la tes. Y east s tra in s  were grown a t  30° and  stored a t 4° on synthetic  
m edium  (plus essential requirem ents) agar p lates. For m edium  and long 
te rm  storage, liquid cu ltu res were grown and stored a t -20° and -70° in 
30% glycerol. Bacto tryp tone y east ex tract (2YT) m edium  was used  in 
ro u tin e  su b cu ltu rin g  of b ac te ria l s tra in s . A m picillin re s is ta n t E.coli 
s tra in s  w ere grow n in  2YT m edium  con ta in ing  100m g/L am picillin . 
Bactopeptone yeast ex tract w ith  20% glucose (GYP or GYP2) w as used in 
ro u tin e  subcu ltu ring  of y east s tra in s  (when selective p ressu re  was not 
requ ired). Y east tran sfo rm an ts  were grown under selective p ressure  in  
syn thetic  yeast m edium  w ith  appropria te  amino acid requ irem ents. All 
the  plasm ids used for the  production of engineered ADH pro tein  are listed 
in  Table 2.3.
The composition of bacterial grow th m edia and  y east grow th m edia 
used are  listed. Reagents are for 1 litre  unless otherw ise m entioned. Solid 
m ed ia  for b a c te r ia l and  y e a s t s tra in s  co n ta in ed  2% a g a r  (Difco). 
A ntibiotics and v itam ins were filte r sterilised  (0.45p Acrodisc) w henever 
th e ir  add ition  was requ ired  and th e ir  concentrations are  lis ted  in Table 
2.4.
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BACTERIAL CULTURE MEDIA 
Luria Broth (L) (Miller, 1972)
Bactotryptone 10g
Yeast extract 5g
NaCl 5g
pH 7.5
SOB medium (Hanahan, 1985)
Bactotryptone 20g
Bactoyeast extract 5g
NaCl 584mg
KCl 186mg
2M Mg2 stock (1M MgCl2 + IM MgSO^ 10ml
pH 6.8
SOC medium (Hanahan, 1985)
SOB medium + glucose 3.6 g
2YT medium
Bacto tryptone 16g
Yeast extract 8g
NaCl 5g
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YEAST CULTURE MEDIA
GYP medium
Glucose 10g
Yeast extract 5g
Bacto peptone 10g
GYP/2 medium
Glucose 20 g
Yeast extract 10g
Bacto peptone 
Synthetic veast medium:
20g
10 X  sa lt solution
k h 2p o 4 40g
k 2h p o 4 5g
(NH4)2S04 15 g
NaCl ig
CaCl2.2H20 ig
MgS04.7H20 5g
Glucose 100g
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Trace elements (stock solution) 
CuS04.5H20
KI
ZnS04.7H20 
NaMo04.2H20 
MnS04.H20 
Na2B407.10H20
Ferric citrate solution (4mM) 
Ferrous sulphate 
Sodium citrate
Vitamin stock solution (for 60ml) 
Calcium pantothenate 
Thiamine 
Inositol
Pyridoxal hydrochloride 
Nicotinic acid 
Biotin
Filter sterilised
40mg
lOOmg
100mg
100mg
151.6mg
100mg
1.112g
1176g
10mg 
10mg 
30mg 
10mg 
5 mg 
2mg
(6ml of above is used for 1 litre of yeast growth medium)
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2.1.2 CHEMICALS AND REAGENTS
Acetonitrile (CH3CN): Ajax
Acrylamide: BioRad
Adenosine triphosphate (ATP): Sigma
Agarose, Seakem and Seaplaque (low melting point): Marine 
Colloids
Ampicillin: Sigma
Antimycin A: Sigma
ß-Mercaptoethanol: Eastman Kodak
Bisacrylamide (N,N'-Methylene-bis-acrylamide): BioRad
BRIJ58: ICI
BSA (Bovine Serum Albumin): Sigma 
Biotin: Sigma
Calcium Pantothenate: BDH Chemicals
Caesium chloride: Metallgeselschaft
DCA (Dichloro acetic acid): Tokyo Kasei
DCE (1 ,2-dichloroethane): Tokyo Kasei (redistilled)
DEAE ( Diethyl amino ethyl) cellulose: BioRad 
Deoxynucleotide triphosphates: Boehringer Mannheim 
Dideoxynucleotide triphosphates: Boehringer Mannheim 
[a-32P]dATP and [y-32p]dATP (10,000 CimMol-l): Amersham
Dithiothreitol: Calbiochem
DMAP (Dimethyl aminopyridine): Cruachem
DMF (Dimethyl formamide): Merck (redistilled)
DMS (Dimethyl sulfate): Merck 
Ethidium bromide: Sigma 
Ficoll 70000: Sigma 
Formamide: BDH chemicals
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Formic acid: Merck 
Hydrazine: Merck
IPTG (isopropyl-ß-D-thiogalactopyranoside): Sigma
Inositol: Sigma
Kanamycin: Sigma
Manganese chloride: May and Baker
MIM (1-methylimidazole): Cruachem
MSNT (l-[Mesitylene sulphenyl]3-nitro-l ,2,4-triazole): Cruachem
3-[N-Morpholino] propanesulfonic acid (MOPS): Sigma
NAD+ (ß-Nicotinamide Adenine Dinucleotide): Sigma
Nicotinic acid: Sigma
Nitrazolium Blue: Sigma
2-Nitrobenzaldoxime: Cruachem
Nitrocellulose filter: Schleicher and Schull
Nylon filter (Hybond-N): Amersham
Perchloric acid: Ajax
Phenazine methosulfonate: Sigma
Phenol: Wako
Piperidine: Merck
Polaroid film (type-667): Polaroid
Pyridine: Ajax (redistilled)
Pyrazole: Sigma
Pyridoxal hydrochloride: Sigma
Streptomycin: Sigma
dA-3'-0-Succinate (5'-Dimethoxytrityl-N-benzoyl-2'-deoxyAdenosine, 
3'-0'succinate): Cruachem
dC-3'-0-succinate (5'-Dimethoxytrityl-N-benzoyl-2'-deoxycytidine,3'-0- 
succinate): Cruachem
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dG-3'-0-Succinate (5’-Dimethoxytrityl-N-isobutyryl-2'-deoxy- 
guanosine, 3'-0'succinate): Cruachem 
dT-3’-0-Succinate (5'-Dimethoxytrityl-2'-deoxythymidine,3’-0- 
succinate): Cruachem 
dT-TEA salt,
5'-Dimethoxytrityl-2'-deoxythymidine,3'-(2-Chlorophenyl)-phosphate, 
triethylammonium salt, SPS grade : Cruachem 
dG-TEA salt,
5’-Dimethoxytrityl-N-isobutyryl-2'-deoxyGuanosine, 
3'-(2-Chlorophenyl)-phosphate, triethylammonium salt, SPS grade: 
Cruachem 
dA-TEA salt,
5'-Dimethoxytrityl-N-benzoyl-2'-deoxyAdenosine, 3'-(2-Chlorophenyl)- 
phosphate, triethylammonium salt, SPS grade: Cruachem 
dC-TEA salt,
ö'-Dimethoxytrityl-N-benzoyl-ß’-deoxyCytidine, 3'-(2-Chlorophenyl)- 
phosphate, triethylammonium salt, SPS grade: Cruachem 
TEMED (N,N,N'.N'-tetramethylethylenediamine): Sigma 
Triton X-l 00: Sigma 
tRNA (from E.coli): Sigma 
Urea: Shwarz/Mann
X-gal (5-bromo-4-chloro-3-indoyl-ß-D-galactopyranoside): Sigma 
X-ray film (Hyper): Amersham
All other chemicals were of analytical grade. HPLC chemicals were 
used when required and were obtained from Waters
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2.1.3 ENZYMES
Unless otherwise indicated, all enzymes were of high purity and 
obtained from commercial sources and used in accordance with the 
manufacturer's specifications. Sources for enzymes are as follows.
Calf intestinal alkaline phosphatase (CAP): Collaborative Research 
DNA-polymerase 2 (Klenow fragment): BRESA 
Klenow-clone DNA polymerase 2: Pharmacia 
Lysozyme: Sigma
T4 polynucleotide kinase: New England Biolab
Restriction enzymes: Amersham, Boehringer Mannheim, New
England Biolab.
Ribonuclease A (RNase): Sigma 
T4 DNA ligase: Boehringer Mannheim
2.1.4 BUFFERS AND DYES
Mentioned figures are the final concentrations of the ingredients in 
various reaction mixtures. Most of these buffers were prepared as stock 
solutions at 10X or 20X their final concentration. Materials such as 
restriction enzyme and ligation buffers, requiring cold storage were stored 
in small aliquots at -20°.
IPX Kinase buffer
Tris-HCl
MgCl2.7H20
DTT
0.7M
0.1M
0.1M
pH 7.6
IPX Buffer A
Tris-HCl 0.2M
MgCl2.7H20 0.1M
NaCl 0.5M
DTT 0.01M
pH 7.5
1QX Buffer B
Tris-HCl 0.2M
MgCl2.7H20 0.1M
DTT 0.1M
pH 7.5
100X Denhardt's
Bovine Serum Albumin 2%
Polyvinyl pyrolidine 2%
Ficoll 2%
Cell and phage handling and storage buffers,
Phage storage buffer
Tris-HCl
NaCl
MgCl2
gelatin
(autoclaved and stored over chloroform)
20mM
200mM
20mM
0 .1%
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RF1 buffer
R ubidium  chloride lOOmM
M anganese chloride (hydrated) 50mM
P otassium  acetate 30mM
C alcium  chloride lOmM
Glycerol 15% (w/v)
pH (adjusted w ith acetic acid) 5.8
RF2 buffer 
MOPS lOmM
R ubidium  chloride lOmM
CaCl2 .2H20 75mM
Glycerol 15% (w/v)
pH  ad justed  w ith NaOH 6.8
SEM  b u ffe r 
Sorbitol 1.2M
EDTA 2m M
B -m ercaptoethanol 0.86M
pH 8.0
SSE buffer 
Sorbitol 1.2M
Sodium  c itrate 0.1M
EDTA
pH
lOmM
8.5
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TE-SDS
Tris-HCl lOmM
EDTA Im M
SDS 1%
pH 8.0
0.1 M Lithium acetate buffer
Lithium acetate
Tris-HCl
EDTA
pH
STET buffer
Sucrose 8%
Triton-X-100 5%
EDTA 50mM
Tris-HCl (pH 8.0) 50mM
DNA handling buffers
SSC buffer
NaCl 150mM
Trisodium-citrate 15mM
TAE buffer
Tris 40mM
Sodium acetate 6mM
EDTA Im M
pH (with acetic acid) 7.8
0.1M
lOmM
Im M
7.5
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TBE buffer
T ris 50mM
Boric acid 42mM
EDTA Im M
pH 8.3
TE (Tris-EDTA) buffer
T ris-H C l lOmM
EDTA Im M
pH 8.0
TES buffer
T ris-H C l lOmM
EDTA Im M
N aC l lOOmM
pH 8.0
DMS buffer
Sodium  cacodylate 50mM
EDTA Im M
pH 7.0
G.stoD buffer
Sodium  acetate 1.5M
ß-m ercap toethanol 1.0M
pH 7.0
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ACT.ston buffer 
Sodium acetate 
EDTA 
pH
0.3M
0.1M
7.0
HPLC Buffer A
0.001M KH2PO4 in 30% CH3CN, adjusted to pH 6.3 with KOH. 
Filteredand degassed
HPLC Buffer B
0.3M KH2PO4 in 30% CH3CN, adjusted to pH 6.3 with KOH. Filtered 
and degassed
Buffers used in enzvmic reactions
Calf alkaline phosphate (CAP) storage buffer
Tris-HCl
MgCl2
ZnCl2
Glycerol
pH
lOmM
ImM
0.2mM
25%
7.0
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General purpose restriction enzvme buffer (TA buffer) 
(O'Farrell et al., 1980)
Tris-HCl 33mM
Potassium acetate 66mM
Magnesium acetate lOmM
DTT 0.5mM
Bovine serum albumin (BSA) lOOjig ml-1
pH 7.9
Ligation buffer
Tris-HCl 50mM
MgCl2 lOmM
BSA 50pg ml-1
ß-mercaptoethanol 20mM
ATP ImM
Regeneration buffer-1 pH4.5
NaCl 29.22g
NaOAc 13.6g
Adjusted to pH4.5 with glacial acetic acid
Regeneration buffer-2 pH8.5
NaCl 29.82g
Tris 12.1g
Adjusted to pH8.5 with HC1
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Dves
SPS dve
Sucrose 25%
SPS 1%
EPTA 5mM
Bromophenol blue 0.2%
TE buffer until the solution turns blue. Pissolved by heating and 
stirring.
Sequencing dve or stop mix
Formamide 90%
Glycerol 9%
EPTA 5mM
Bromophenol blue 0.05%
Xylene-cyanol 0.05%
2.2 NUCLEIC ACID ISOLATION PROCEDURES
2.2.1 PLASMID DNA (Clewell and Helinski, 1969; Clewell, 1972; 
Humphreys et al., 1975)
E.coli strains containing amplifiable plasmids were grown overnight 
in 5ml L broth cultures, inoculated into 500ml of L broth and incubated at 
37° with aeration to OPg4o = 0.4 to 0.5 and amplified by the addition of 125]ig
of spectinomycin and continued overnight incubation. For non- 
amplifiable plasmids, cultures were grown as above but without the 
addition of spectinomycin.
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Cells were harvested from 500ml culture growth by centrifugation at 
5000rpm for 5 minutes at 4° in a Sorvall GSA rotor. The cell pellet was 
resuspended in 10ml of 25% sucrose in TE at 4°, transferred to a 40ml 
polypropylene centrifuge tube and maintained on ice. Lysozyme (1.5ml of 
a 20mg ml*1 freshly prepared solution in 0.25M TRIS.HC1 pH8.0) was 
added to the cell suspension and mixed. EDTA (5.0ml of 0.5M stock, 
pH8.0) was added, mixed and the suspension held on ice for 5 minutes. 
Cells were lysed by the rapid addition, and mixing by inversion, of 15ml 
Brij/Doc solution (1% Brij58; 0.4% Sodium deoxycholate in TE, pH8.0). 
After a further 20 minutes on ice, the lysate was centrifuged at 18 000 rpm, 
4° for 1 hour (SS34 rotor). The supernatant (cleared lysate) was decanted 
and DNA precipitated at 0° for 2 hours by the addition of 3% w./v NaCl and 
1/4 volume 50% PEG (polyethylene glycol 6000). The precipitated DNA was 
pelleted by centrifugation at 5000rpm for 90 seconds (SS34 rotor 4°) and the 
pellet was resuspended at 0° in 5 ml TES. Caesium chloride (8.0g) and 
ethidium bromide (0.6ml of 10mg ml’1 stock) were mixed with the DNA 
solution and left on ice for 30 minute (ethidium bromide displaces PEG 
from DNA). The solution was centrifuged at 10,000 rpm for 30 minutes at 
4° in a SS34 rotor and the supernatant decanted over the PEG pellet. The 
buoyant density was adjusted to approximately 1.60g ml-1 by the addition 
of 1.5 ml TES and the plasmid banded by centrifugation at 40,000 rpm for 
40 hours at 18° in a Beckman Ti 50 rotor. Plasmid DNA (lower band) was 
visualised under UV light (350nm), removed free of chromosomal DNA by 
side puncture extraction with a 19g needle, and ethidium bromide 
removed by extracting 3 to 4 times with isopropanol equilibrated with 5M 
NaCl in TE pH8.0. The plasmid DNA was dialysed against TE for three 
periods of 4 hours. Plasmid DNA concentration was determined by UV 
absorbance. (1 OD A26O is equivalent to a double stranded DNA 
concentration of 50pg ml’U.
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2.2.2 PREPARATION OF MT3RF ( Zoller & Sm ith, 1984)
A single plaque was tran sfe rred  to 5ml of 2YT to which 50[il of an 
overnight cu ltu re  JM101 had  been added. The cu ltu re  was incubated a t 
37° for 5-6 hours a fte r which the  cells were harvested  and  su p e rn a tan t 
w as re ta ined . Two hours a fte r the phage culture was s ta rted , 2.5ml of a 
JM 101 overnight culture were added to 500ml of 2YT and incubated a t 37° 
w ith  shaking. This cu lture was grown to A600 = 0.7-0.8 th en  inoculated
w ith  5 x 1012 phage (10*0 phage/ml). Grow th a t 37° was continued for 2 
hours a fte r which the cells were pelleted and M13RF was isolated by CsCl 
density  g rad ien t centrifugation as described in  the  previous section.
2.2.3 PLASMID DNA MINISCREEN (Holmes & Quigley, 1981)
B acterial colonies containing ligated DNA m olecules were inoculated 
in to  2ml L bro th , and incubated  overnight a t 37° w ith rap id  shaking. The 
cell su sp e n s io n  (1 .5m l) w as p e lle te d  in  a n  E p p e n d o rf  tu b e  by 
centrifugation  for 1 m inute. The pellet was resuspended in  200pl of STET 
buffer. lOfil of lysozyme (10 mg ml*1) was added, the sam ple boiled for 50 
seconds a n d  th e n  im m ed ia te ly  cen trifu g ed  for 10 m in u te s . The 
su p e rn a ta n t was tran sfe rred  to ano ther E ppendorf tube, an  equal volume 
of isopropanol (-20°) added, m ixed and  kep t a t -20° for 20 m inutes for 
nucleic acid precipitation. Nucleic acids were th en  pelleted by 3 m inutes 
cen trifugation  in  an  E ppendorf tube. The su p e rn a tan t w as discarded and 
w ashed thoroughly  w ith 70% ethanol to remove T riton X-100. In order to 
rem ove th e  deg raded  RNA w hich  can  obscure sm a lle r  re s tr ic tio n  
frag m e n ts  d u rin g  agarose  gel e lectrophoresis , th e  DNA sam ple was 
trea te d  w ith  5pl RNase (10mg/ml: the  RNase should have been boiled in 
0.3M sodium -acetate pH 5.5 for 15 m inutes to remove traces of DNase, and
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is kept frozen a t -20°) and incubated a t 37° for 30 m inutes. For restric tion  
e n d o n u c le a se  d ig es tio n , th e  DNA w as fu r th e r  e x tra c te d  w ith  
phenol/choroform  and  precip ita ted  w ith  ethanol.
2.2.4 ISOLATION OF PLASMID DNA FROM YEAST
CELLS (modified m ethod of Beggs, 1978)
Y east transfo rm an ts were p lated  out on GYP/2 p late  and left to grow 
a t  30° overnight. A loopful of cells w as resuspended  in  500pl of SEM 
buffer, vortexed for a few seconds, and  left a t room tem p era tu re  for 20 
m in u te s . A fter c en trifu g a tio n  for a  few seconds, y e as t cells w ere 
resuspended in  500jil of SSE buffer, vortexed for a few seconds and 20pl of 
Zym olyase were added. Incubation  w as carried  out a t  30° for 1 hour. 
P ro top lasts  were w ashed twice w ith  1.2M sorbitol (1.5ml for each wash). 
P ro top lasts  were spun down a t low speed and  resuspended in  200pl TES 
(TE + 1% SDS pH8.0). P ro top lasts were lysed by incubating  a t 65° for 20 
m inutes. Tubes were spun a t 12,000g for 10 m inutes to remove cell debris. 
To remove SDS, 0.1 volume of 5M potassium  acetate  was added, m ixed and 
left on ice for a t least 30 m inutes. The tubes were spun a t  12,000g for 15 
m inutes (a t 4°) to remove the SDS precipitate. The su p e rn a tan t containing 
th e  DNA w as ex trac ted  once w ith  phenol/choroform  and  DNA w as 
p recip ita ted  w ith ethanol. The DNA was dissolved in  50pl of TE buffer.
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2.3 GEL ELECTROPHORESIS
2.3.1 AGAROSE GEL ELECTROPHORESIS
E lectrophoresis of DNA th ro u g h  agarose gels was carried  out in  
e ither TAE or TBE buffer. P reparative  gels (190 x 140 x 5mm) were ru n  in 
a  horizon tal system  in  TAE buffer a t 40 volts, 40mA for 12-16 hours. 
P re p a ra tiv e  gels w ere m ade w ith  h igh  p u rity  agaro se  (S eakem  or 
S eaplaque). The gels w ere s ta in ed  in  e th id ium  brom ide (~5p.gm l'I), 
d esta in ed  in the  sam e ru nn ing  buffer and  the  DNA v isualised  on a UV 
tra n s -illu m in a to r  (320nm) and  photographed. For rou tine  analyses a 
m in i-horizon tal gel system  w as used. Sam ples w ere p rep a red  by the  
addition  of 20% sam ple dye prior to electrophoresis and  were ru n  in  gels 
(90 x 40 x 40mm) a t 70 volts, 50mA for 1.5 hours. In  such a system  about 
1 OOng of DNA could be visualised by UV afte r e th id ium  brom ide staining. 
S am ples w ere p rep a red  by th e  add ition  of 20% sam ple dye p rio r to 
electrophoresis.
2.3.2 ELECTROELUTION OF DNA (Langridge et al.f 1980)
A fter re s tric tio n  endonuclease d igestion, th e  DNA sam ples w ere 
m ixed w ith  20% sam ple buffer and  loaded onto a p rep a ra tiv e  gel (1%). 
E lectrophoresis was carried out a t 40 volts, 40mA for 12-16 hours in  TAE 
buffer. Gel was sta ined  and destained  and the  DNA bands were localised 
by using  long w avelength (352nm) UV lam p to m inim ize dam age to the  
DNA. U sing a sharp  edged razor blade, the  gel slices containing the DNA 
fragm ent were cut out. Gel slices were placed in  dialysis tubing  w ith 0.5 - 
1.0ml of 0.5xTBE and electro-eluted in  the  sam e buffer a t  100V, 20mA for 3 
hours and the  polarity  was changed for 2 m inutes. The buffer inside the
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tube was carefully tran sfe rred  to a Falcon tube and the  eth id ium  brom ide 
w as rem oved by ex tracting  a t le a s t th ree  tim es w ith  equal volum es of 
isoam yl alcohol equilibrated w ith TE (pH8.0) buffer.
2.3.3 ELECTROPHORESIS OF DNA SEQUENCE 
REACTIONS
The product of DNA sequencing  reactions w ere resolved on th in , 
d ena tu ring  polyacrylam ide gels m ade up in  7M urea. For 8% gels a 100ml 
m ix tu r e  c o n ta in in g  1 0 m l o f 2 0 x T B E , 2 0 m l of a 40%  
acry lam ide:b isacry lam ide  (40:1) stock and  42g of u rea  w as p rep a red , 
filtered  and  degassed under vacuum . H a lf a ml of 10% (w/v) am m onium  
persu lfa te  and  50|il of TEMED were added, and  the m ixture poured into a 
fram e of 5mm float glass, and  allowed to polymerize for several hours. A 
1m m  th ic k  a lum in ium  p la te  w as clam ped to th e  fro n t of the  gel to 
d is tr ib u te  h e a t evenly and  th e  gel w as p re -ru n  in  TBE buffer for 30 
m in u te s . E lec trophoresis  for 2.5 ho u rs  a t  40 w a tts  c o n stan t pow er 
routinely  allowed resolution of the  first 200-250 nucleotides from the point 
of in itia tio n  of a  DNA chain  te rm in a tio n  sequencing  reactions. A fter 
electrophoresis, the  glass p lates were separa ted  and the gel tran sfe rred  to 
W hatm an  3MM paper, covered w ith  "G ladw rap", and  d ried  a t  80° on a 
vacuum  gel d rier p rio r to overnight exposure to X-ray film  (AR) a t room 
tem p era tu re .
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2.4 ENZYMATIC REACTIONS
2.4.1 RESTRICTION ENDONUCLEASE DIGESTION
DNA sam ples were digested in  appropriate  buffers a t concentrations 
of 30-300(ig/ml. A two fold excess of (2 u n its  pg-1 DNA) of enzyme was 
used  w ith  incubation  37° for 1-2 hours. R eactions w ere te rm in a ted  by 
h e a tin g  a t 65° for 15 m inutes or by the  addition of EDTA (to 12.5mm), 
follow ed by phenol-chloroform  ex trac tio n  and  e th an o l p rec ip ita tio n . 
Agarose gel electrophoresis was used to m onitor the  exten t of digestion.
2.4.2 DEPHOSPHORYLATION OF VECTOR DNA
(Shine et al., 1977)
C alf in te s tin a l a lkaline  phosphatase  (CAP) w as used  to remove 5' 
p h o sp h a te  g roups from  vecto r DNA, in c re a s in g  th e  efficiency of 
recom binan t plasm id form ation. Vector DNA was trea te d  w ith  CAP (0.1 
un its  jig-1 DNA) in  lOOmM Tris base, pH 10 and 0.1% SDS for 1 hour a t 37°. 
the  reaction  was te rm ina ted  by sequential phenol-chloroform  extractions 
and  the  vector DNA recovered by ethanol precipitation. P recip ita ted  DNA 
w as w ashed twice w ith 70% ethanol and  twice w ith 95% ethanol to remove
SDS.
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2.4.3 LIGATION OF DNA MOLECULES (Ulrich et a l., 1977)
Ligation of suitably cut genomic, or eluted, DNA with CAP treated 
vector DNA was performed in a ligation buffer in the presence of ImM 
ATP and 1 unit of T4 DNA ligase at 4° overnight. The ratio of insert DNA 
to vector DNA was 1:10. The T4 DNA ligase was denatured at 65° for 5 
minutes prior to transformation.
2.4.4 DNA SEQUENCING BY CHAIN TERMINATION 
METHOD EMPLOYING BACTERIOPHAGE M l 3 AND 
SINGLE-STRANDED p TZ DNA (Sanger et al.y 1980)
Single-stranded wild type DNA and m utant DNA’s were sequenced 
in the region of interest by utilising primers tha t primed several bases 
away, to verify the base changes.
Primed synthesis of DNA from Ml 3 or pTZ single-stranded templates 
was carried out under conditions which would induce chain termination 
at defined nucleotide residues. A mixture of 3-5pl (lOOng) of template 
DNA, l - 2pg (10-15ng) of sequencing primer lp l of buffer A, lp l of 50mM 
DTT was made up to lOpl with water. The contents of the tube were mixed 
and incubated at 65° for 3-5 minutes, and then left at room temperature for 
10-15 minutes. Then, lp l of [a32P] dATP (10,000 pC inr1) and ljil of DNA 
polymerase-1 (Klenow fragment, 5 units pi-1) were added to the annealing 
mix, briefly vortexed and aliquots of 2pl dispensed into four Eppendorf 
tubes, each containing 2pl of the appropriate (G, A, T, and C) reaction 
mix. The contents were mixed and incubated at room temperature for 15 
minutes. Then 1 pi of a chase mixture (ImM dNTP) was added to each 
tube and the reaction continued for a fu rther 15 m inutes a t room 
tem perature. The reaction was term inated by the addition of 4pl of
38 .
form am ide loading dye (90% form am ide; 0.05% (w/v) brom ophenol blue; 
0.05% (w/v) xylene cyanol; Im M  EDTA; lOmM Tris-HCl, pH8.0). The DNA 
w as d e n a tu re d  by h e a tin g  a t  90° for 3 m in u tes  and  chilled  on ice 
im m ediately . 2-2.5pl of sam ple were loaded onto a 8% DNA sequencing 
gel. Gel loading utilised "shark tooth" combs w ith an  in te rpo in t d istance 
of 4mm.
Dideoxy: deoxynucleotide triphosphate  reaction  mixes (G, A, T and 
C) w ere p repared  as follows:
G* A* c*
dATP (O.lmM) 5pl 5pl 5pl 5jtil
dGTP (0.5mM) 4 pi 40yd 40vd 40pl
dCTP (0.5mM) 40yd 40pl 40\il 4yd
dTTP (0.5mM) 40vil 40ul 2yd 40yd
ddATP (5mM) - 16pl - -
ddGTP (5mM) 20yd - - -
ddCTP (5mM) - - - 14yd
ddTTP (lOmM) - - 16pl -
distilled  w ater 91 pl 59pl 97pl 97pl
to ta l volume 200yd 200yd 200vd 200pl
Before mixing concentrations of deoxy and dideoxy NTPs, were 
measured by measuring the O.D2go of 200 fold diluted samples (pH was
adjusted to 6.5-7.0 w ith 1M or diluted NaOH before m easuring  OD).
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2.5 INTRODUCTION OF DNA INTO HOST CELLS AND 
THE SELECTION OF RECOMBINANTS
2.5.1 BACTERIAL TRANSFORMATION
C om peten t E.coli RR1, JM 101 and  DH5 cells were p rep a red  and  
sto red  as 250pl aliquots a t  -70° (M orrison,1979 or H anahan , 1985). An 
appropria te  am ount of DNA in  1 to 10 pi was added to 250jil of thaw ed 
com petent cells, m ixed and  kep t on ice for 30 m inutes. This m ix tu re  was 
th e n  h ea ted  for 90 seconds a t 42° and im m ediately  placed on ice. The 
tran sfo rm ation  m ixture was th en  diluted w ith  2ml of 2YT and incubated  
a t  37° w ithout shaking. Aliquots, usually  1, 10 and lOOpl of th is  cu lture  
w ere  sp re a d  onto  se lec tiv e  m ed ia  c o n ta in in g  th e  a p p ro p r ia te  
concentrations of antibiotic (Table 2.4).
2.5.2 TRANSFECTION OF BACTERIOPHAGE
F or M l 3 transfection , com petent cells were p repared  on the  day of 
use. A ppropriate  am ounts (under lOpl) of DNA were added to the  cells 
w hich were kep t on ice for 30 m inutes. The cells were placed a t  42° for 2 
m inu tes, a fte r which lOOpl of overnight JM101 and  2.5ml of 2YT top agar 
were added and the  entire  m ixture poured onto a 2YT plate. The p lates 
w ere in cu b a ted  overn igh t a t 37°. 20pl of 0.1M IPTG  (isopropyl-ß-D- 
th iogalac topyranoside), lOpl of X -gal(5-brom o-4-chloro-3-indoyl-galacto- 
pyranoside 100mg/ml in  dim ethyl-form am ide) were added w hen required.
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2.5.3 YEAST TRANSFORMATION (Modified from the 
procedure of Altherr et al., 1983)
Y east transfo rm ation  was perform ed as follows:
1. Y east cells were grown to s ta tio n ary  phase  in  5ml GYP2. A fresh  
50m l GYP2 flask  w as inocu lated  w ith  0.5m l of th e  s ta tio n a ry  phase  
culture. This culture was incubated a t 30° w ith  shaking  un til an  O.D.g4Q
of 0.8 -1.0 was reached.
2. 5ml of cells were harvested  by centrifugation in  a table top centrifuge 
and  the  cell pellet w ashed twice w ith 10ml T.E buffer pH7.5
3. The cells were resuspended  in  5ml of a 0.1 M solution of lith iu m  
ace ta te  in  TE. The cell suspension  w as incubated  1 hour a t 30° w ith  
ag ita tion .
4. T he co m p e ten t cells w ere  h a rv e s te d  by c e n tr ifu g a tio n  a n d  
resuspended in  an  equal volume of 0.1 M lith ium  acetate  in  TE
5. 0.3m l of com peten t cells w as added to a s te rile  E p p en d o rf tube  
con ta in ing  l-10 jig  of plasm id DNA (ljig/jil). 0.7m l of a 50% solution of 
polyethylene glycol (PEG4000) w as added, and  the  conten ts m ixed and  
incubated  a t 30°without agitation for 1 hour.
6. Cells were h ea ted  to 42° for 5 m inu tes and  th en  p la ted  directly  on 
y east syn thetic  m inim al m edium . Y east tran sfo rm an ts  w ere selected as 
tryp tophan  prototrophs.
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2.6 HYBRIDISATION PROCEDURES
2.6.1 PREPARATION OF HYBRIDISATION PROBE.
A radio-actively labeled hybridisation probe was prepared by kinasing 
the oligonucleotide with T4 polynucleotide kinase and [y-32P] ATP. The 
oligonucleotide (20 pmoles) was mixed with 2)il of 10X Kinase buffer, 3pl of 
[y.32p] ATP (10,000(jCi mmol*1), and 4 units of T4 polynucleotide kinase in a 
total volume of 20pl. The reaction was carried out in a 1.5ml Eppendorf 
tube incubated at 37° for 1 hour and terminated by heating at 65° for 10 
minutes.
Labeled oligonucleotide was separated from unincorporated ATP by 
DEAE-Cellulose chromatography. DEAE-Cellulose was washed several 
times with 50mM NaCl + TE (pH 8.0) until the pH remained stable at 8.00. 
Washed DEAE-Cellulose was then packed into a disposable pasteur pipette 
plugged with glass wool (to a height of 0.5cm). 0.5ml of 50mM NaCl + TE 
was added to the kinased probe mix, applied to the column and washed 
with 10 X 1ml of 200mM NaCl + TE (pH 8.0) to remove unincorporated 
ATP. The labeled oligonucleotide was eluted with 10 X 0.1ml washes with 
1M NaCl + TE (pH8.0).
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2.6.2 PREHYBRIDISATION
Bacteriophages and bacterial colonies were lifted onto the filters, 
their respective DNA denatured and fixed as described in the respective 
section. In both the cases, the filters were prehybridized as follows. The 
filter was placed in a plastic boilable bag and 10ml of prehybridisation 
buffer (3ml of20X SSC, 1ml of 100X Denhardt's, 0.2ml of 10% SDS, 5.8 ml of 
H2 O) were added to the bag, sealed and placed in a 65° water bath for 10-30 
minutes. Then the filter was rinsed in 100ml 6X SSC buffer.
2.6.3 HYBRIDISATION
After prehybridisation 10ml of probe solution (3ml of 20X SSC, lm l of 
100X Denhardt's, 6ml of H2 O, 2.5 X 106 cpm oligonucleotide) was added, 
the bag was sealed and incubated at 65° for 30 minutes. The bag was then 
left at room temperature for 6-8 hours. The filter was then washed in 100 
ml 6X SSC buffer (three times in fresh 6X SSC buffer with 1-2 minutes per 
wash). Filter was air dried, covered with saran wrap and 
autoradiographed at -70° with XAR-5 film. Washes at higher 
temperatures were carried out with 100ml of prewarmed 6X SSC buffer for 
2 minutes.
43 .
2.6.4 DOT-BLOT HYBRIDISATION (Zoller & Smith, 1984)
Single-stranded DNA (2.5JJ.1 out of a 50jil section) was spotted onto a 
dry sheet of nitrocellulose placed over a piece of Whatman 3MM, and air 
dried. The filter was baked in vacuum for 1 hour at 80°, then wetted with 
10ml prehybridisation solution (3ml of 20X SSC, 1ml of 100X Denhardt's, 
0.2ml of 10% SDS, 5.8 ml of H2O) for 15 minutes at room temperature in a 
petri dish. After removing the prehybridisation solution, 10ml of probe 
solution (prehybridisation solution, 2.5 x 106 cpm oligonucleotide) were 
added. Hybridisation was carried out at room temperature 6 or 2 hours. 
All washes and autoradiography were carried out as described in Section 
2.6.3.
2.6.5 PROBE REMOVAL FOR REHYBRIDISATION
For reprobing the DNA in nitrocellulose, the old probe was removed 
by soaking in 0.02M NaOH. The filter was then soaked in 2 X SSC for 3 
hours with 3 changes. If the filter is still radioactive, the concentration 
was reduced to 0.5 X SSC or 0.1 X SSC. The filter was again air dried and 
prehybridised before fresh probing. In the case of Hybond nylon filter, the 
filter was soaked in 0.4M NaOH for 30 minutes at 45° and then transferred 
to 0.1 X SSC containing 0.1% (w/V) SDS, 0.2M Tris-HCl, pH7.5, and 
incubated at 45° for 30 minutes. The filter was then blot dried, sealed in 
plastic bags and prehybridised before fresh probing.
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2.6.6 REGENERATION OF BLUE SEPHAROSE
A fter elu ting  the yeast ADH from the column, the blue sepharose was 
regenera ted  as follows:
1) . The blue sepharose was w ashed into a beaker containing 6M urea  
(left in  u rea  a t  4° un til needed). W hen the  blue sepharose was needed it 
w as filtered off onto a sin tered funnel and washed th ree  tim es w ith 2 litres 
of d istilled  w ater.
2) . 1 litre  of regeneration  buffer-1 pH4.5 w as added, s tirred  up and 
th e  sepharose  allowed to se ttle . T his step  w as rep ea ted  u n til the  pH 
rem ained  4.5. The sepharose was thoroughly w ashed w ith  distilled w ater 
u n til the  pH  of the effluent was th a t  of the distilled w ater.
3) . 1 litre  of regeneration  buffer-2 pH8.5, was added and the w ashing 
steps were repeated  as above.
4) . S teps 2 and 3 were repeated  and finally the  blue sepharose was 
covered w ith  glad w rap and stored a t 4° in  dry form.
Table 2.1: Bacterial and Yeast S trains
BACTERIAL STRAINS
E.coli JM101 lac, pro, SupE, thil,F ', ProAB+, laci+, lacz, 
M15.traD36 (Messins-. 1983).
E.coli RRL hsdS20, a ra l4 , ProA2, lacYl, galK2, yspL20, 
xyl-5, mtl-1, SupE44, k‘,F" (Bolivar et al., 1977)
E.coli DH5 F “, endAl, hsdR17 (rk", m k+), supE44, thi-1, a", 
recAl, gyrA96, relA l (Hanahan, 1985).
E.coli RZ1032 HfrKL16 Pol45, QysA(61-62)], du t'1, ung-1 
th i-1, reL\, spotl, supE44. (Kunkel, 1985)
YEAST STRAINS
SF6-4A-M4 M a ta T rp l adc-11 adm A D R l-5c adr2-74 
(Williamson et al., 1981)
302-21 M ata  a d d -11 adm adr2-43 T rpl His4 
(Williamson et al., 1980)
Table 2.2: Phage, plasmids and phagemids used as vectors.
Phage/
Plasmids/
Phagemids.
Host Features Reference
l).M 13m pl9
(7.0kb)
JM101 Bacteriophage M l 3 sequencing 
vector, lacZ with 54 base pair 
polylinker having sites for 13 
different hexanucleotides specific 
restriction enzymes.
N orrander et 
al.y 1983
2).YKp7.9T6
(10.3kb)
RR1 Ampr , pBR322, ADC1 TRP1 & 
ARS. Contains a 4.9kb Bam Hl 
fragm ent from yeast carrying 
the gene for ADH-1,1 ,45kb E.coRl 
fragm ent from yeast carrying 
TRP1 and ARS.
Williamson et 
at., 1980
3).pJC
(8.85kb)
RR1 Ampr , removal of an unwanted 
1.45kb B am H l fragment from 
4.9kb fragm ent in yRP7-9T6.
This theses
4).M13JC
(10.45kb)
JM101 3.45kb B am H l fragment 
carrying yeast ADH1 gene from 
pJC cloned into M 13mpl9.
This theses
5).pTZ19R
(2.9kb)
JM101 Ampr, phagemid, lacZ with the 
same poly linker as in M13mpl9, 
fl-origin from M l 3 bacteriophage 
and T7 promoter.
6).pJC19R
(7.8kb)
JM101 Ampr, pTZ19R, 1.45kb E.coRl 
fragm ent from pJC and 3.45 kb 
B am H l fragm ent carring the 
gene ADH-1 from pJC.
This theses
Table 2.3: Plasm ids used for the production of engineered ADH protein.
M utan t
DNA Host Vector
Amino acid change(s) 
in AD H I gene Reference
pJ19R-S48 JM101 pJC19R 48 Thr - Ser th is thests
pJ19R-K57 JM101 pJC19R 57 Trp - Leu this theses
p j l  9R-A57 JM101 pJC19R 57 Trp - Ala this theses
pJ19R-F93 JM101 pJC l 9R 93 Trp - Phe this theses
pJ19R-A93 JM101 pJC l 9R 93 Trp - Ala th is theses
pJ19R-F110 JM101 pJC19R 110 Asn - Phe th is theses
pJ19R-V110 JM101 pJC19R 110 Asn - Val th is theses
pJ19R-L110 JM101 pJC19R 110 Asn - Leu th is theses
pMC-1 JM101 pJC l 9R 48 T hr - Ser + 93 Trp - Phe this th es ts
pMC-2 JM101 pJC19R 48Thr-Ser + 93Trp-Ala this theses
pMC-1-L57 JM101 pJC19R pMC-1 + 57 Trp - Leu this theses
pMC-l-A57 JM101 pJC19R pMC-1 + 57 Trp-Ala th is theses
pMC-1-VI10 JM101 pJC19R PMC-1 +110 Asn - Val th is theses
pM C-l-F110 JM101 pJC19R pMC-1 + Asn 110 - Phe this th es ts
pMC-A-1 JM101 pJC19R pMC-1 + A(57Trp,58 Pro) this th es ts
pMC-A-2 JM101 pJC19R pMC-1 + A(61Val, 62Lys) this theses
pMC-A-3 JM101 pJC l 9R pMC-1 + A(59Leu, 60Pro) this theses
A = Deletion
Table 2.4: Antibiotic concentrations in  the selective media used for
m utants and recom binants in E.coli or in  yeast.
Antibiotic Concentration (pg/ml)
E.coli Yeast
Ampicillin 100 -
Kanamycin 70 -
Spectinomycin 200 -
Antimycin - 1.0
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CHAPTER THREE: SITE-DIRECTED 
MUTAGENESIS
3.1 SITE-DIRECTED MUTAGENE STS
3.1.1 INTRODUCTION
The isolation and sequencing of genes has been a major focus of 
biological research for more than a decade now. The emphasis has now 
turned toward identification of functional regions encoded within DNA 
sequences and deeper understanding of protein folding and its relation to 
biological functions. A variety of in vivo and in vitro mutagenesis methods 
have been developed to identify regions of functional importance. These 
techniques provide useful information pertaining to the location and 
boundaries of a particular function. Once this has been established, a 
method is required to define the specific sequences involved by precisely 
directing mutations within a target site.
Oligonucleotide directed mutagenesis provides the most precise and 
versatile method to introduce specific changes in the sequence of cloned 
DNAs. Single or multiple base changes, deletions, and insertions are 
possible using this approach. In this method a synthetic oligonucleotide, 
the sequence of which contains the desired mutation, is used as a primer 
for E.coli DNA polymerase I directed in vitro replication on a circular 
DNA template to produce a heteroduplex. The heteroduplex is resolved 
into m utant and parental molecules by in vivo replication (or repair) after 
introduction into E.coli. M utant progeny can be identified by hybridization 
with the mutagenic oligonucleotide under conditions where the parental 
DNA will not hybridize.
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Various methods have been developed by oligonucleotide directed 
mutagenesis (for a review see Leatherbarrow and Fersht., 1986). These 
methods use either single-stranded DNA or double-stranded DNA as 
templates. In both systems the oligonucleotide is annealed to a single- 
stranded region of the template. Three different methods have been 
successfully used in this study.
3.1.2 SITE-DIRECTED MUTAGENESIS OF DNA 
FRAGMENTS CLONED INTO Ml 3 PHAGE VECTOR
(Zoller & Smith, 1984)
There are a number of vectors available tha t are derived from the 
single-stranded phage M l3. The application of these phage vectors to 
oligonucleotide-directed site specific mutagenesis provides for simple and 
rapid isolation of single-stranded template DNA. These vectors contain a 
num ber of useful cloning sites, and can be used in conjunction with a 
num ber of commercially available sequencing prim ers. Successful 
m utagenesis experiments have been conducted on inserts ranging from 
200 bases to 4.2 kilobases (Zoller and Smith., 1983). We have conducted 
successful mutagenesis experiments using a 3.45kb DNA insert.
t
YRp79T6 plasmid DNA carrying yeast tfee ADH1 gene was cut with 
restriction endonuclease BamHl (Section 2.4.1). The resulting 3.45kb 
DNA fragment was separated by electrophoresis (Section 2.3.2). M13mpl9 
DNA was similarly cut with BamHl and electroeluted. Linear M13mpl9 
was then dephosphorylated with calf intestinal phosphatase as described 
in Section.2.4.2.. 3.45kb yeast DNA carrying the ADH1 gene was ligated to 
M13mpl9 (Section 2.4.3). This ligation mixture was used to transfect 
E.coli JM101 (Section 2.5.2). A number of white plaques were picked, and 
single stranded DNA was prepared as described in Section 3.1.2ft.
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O ligonucleotides u sed  in  th is  study  w ere e ith e r  syn thesized  on the 
Beckm an DNA synthesizer or by the  m anual m ethod described in  Section 
3.4 of th is chapter.
The clone carry ing  th e  com plem entary  s tra n d  to the  m utagenic 
oligonucleotide w as iden tified  by perform ing  a dot b lo t hybrid isa tion  
(Section 2.6.4) on several clones using  y32p labeled  ADH sequencing 
p rim er (Section 2.6.1) as the probe. Several different tem pera tu re  washes 
were perform ed in  6xSSC. The clone th a t still hybridised a t  65° w ash was 
id en tifie d  as th e  clone ca rry in g  th e  com plem en tary  s tra n d  to the  
m utagenic  oligonucleotide. This was th en  confirm ed by sequencing the 
clone by u tilising  the  m utagenic oligonucleotide as a prim er. This DNA 
w as used  as the  tem plate  DNA for m utagenesis experim ents, (see Figure 
3.1)
3.1.2A PREPARATION OF SINGLE-STRANDED 
TEMPLATE DNA (Ml3 VECTORS)
Single s tranded  DNA was p repared  as described by Sanger et al., (1980) 
and  includes a RN ase step to remove all RNA prim ers. A single plaque 
w as tra n s fe rre d  in to  a tube contain ing  1.5ml of 2YT to w hich 15pl of 
overnight JM101 was also added. Growth was carried  out w ith  shaking a t 
37° for 4-5 hours. The cells were transferred  to a 1.5ml E ppendorf tube and 
the  cells were pelleted by a  5 m inute spin in  a m icrocentrifuge.
The su p e rn a tan t was tran sfe rred  to a new tube. Then 200pl of 2.5M 
NaCl/20%  polyethylene glycol (8000) were added, the  tube  m ixed and 
incubated  a t room tem pera tu re  for 15 m inutes. The phage were pelleted 
by centrifugation  for 5 m inutes a t room tem pera tu re  and  the  su p ern a tan t 
w as rem oved by asp iration . The phage were resuspended  in  lOOjil of TE 
(pH8.0).
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T hen 5|il of R N ase (10mg/ml) were added (RNase boiled in  0.3M 
sodium  acetate  pH5.5 for 15 m inutes to remove traces of DNase) and the 
tube incubated  a t 37° for 30 m inutes. This RNase step was done to digest 
any  RNA which could give extensive se lf p rim ing  activity . The phage 
w ere ex trac ted  w ith  50|il of phenol, 50pl phenol/chloroform  (1:1) and 
finally  500fil of chloroform.
T hen 10|il of 3M sodium  aceta te  (pH5.5) and  250pl of e thanol were 
added and  the  tube was placed a t  -70° for 15-20 m inutes. The DNA was 
pe lle ted  by a 5 m inu te  cen trifugation  a t 4° , w ashed twice w ith  70% 
ethanol, dried in  vacuum , and resuspended in  50|il of TE (pH8.0).
3.1.2B PRELIMINARY IN VITRO TEST
Once the  tem plate  DNA has been prepared , i t  is im p o rtan t to carry  
out some specific te s t to dem onstra te  th a t  the  m utagenic oligonucleotide 
efficiently  p rim es from  the  desired  site. C hain  te rm in a to r sequencing 
(Sanger et al., 1980) was carried  out using the  m utagenic oligonucleotide 
as a p rim er. The resu ltin g  sequence was com pared w ith  the  sequences 
dow nstream  from the  prim ing site to determ ine w hether the  desired site 
w as recognised. This experim ent was carried  out using  several p rim ing  
te m p e ra tu re s  and  p rim eritem p la te  ratio . The 1:20, tem plate:o ligom er 
ra tio  and  annea ling  tem p era tu re  of 65° for M l3 vector and  80° for pTZ 
plasm id vector worked well for all the  oligomers we used in  th is study.
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3.1.2C KINASING THE OLIGONUCLEOTIDE FOR 
MUTAGENESIS
The m utagenic  oligonucleotide (200pmol) was m ixed w ith  2pl of 10X 
k inase  buffer, l j i l  of lOmM ATP, and 4 un its  of T4 polynucleotide kinase in 
a to ta l vol. of 20fil, in  an Eppendorf tube. The tube was incubated a t 37° for 
1 hour and  reaction was term inated  by heating  a t 65° for 10 m inutes.
3.1.2D S'-PHOSPHORYLATION OF THE MUTAGENIC 
OLIGONUCLEOTIDE
W hen using  only the  m utagenic  oligonucleotide, the  oligonucleotide 
is hybrid ised  to the  sing le-stranded  tem pla te  and  is ex tended w ith  the 
Klenow fragm ent of DNA polym erase 1 in  the  presence of T4 DNA ligase, 
W ithin  the  cell, th e  enzyme will repa ir and  replicate the  duplex, and  some 
of th e  progeny phage will contain  the  requ ired  m u ta tion  (M iyada et al., 
1982).
However, as the  5' end of the  p rim er is susceptible to a ttack  by the 5'- 
3' exonuclease the  5’ end is therefore protected by ligation and  therefore, 
the  5' end of the m utagenic oligonucleotide has to be phosphorylated.
The m ethod  used  in  th is  s tudy  u tilise s  two p rim ers  (Zoller and  
Sm ith., 1984), one of which is the m utagenic oligonucleotide and the  o ther 
one is th e  second p rim er some d is tance  aw ay to th e  5' side of the  
m utagenic oligonucleotide. The second prim er is th en  extended to join up 
w ith the  phosphorylated  5' end of the  m utagenic oligonucleotide. The use 
of the  second p rim er is to place the  m ism atch  w ith in  the  in te rio r of the  
extended fragm ent to m inim ise exonuclease action.
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The m utagenic oligonucleotide (200pmol) was m ixed w ith  2pl of 10 x 
k inase  buffer, 1 jjJ  of lOmM rATP, and 4 un its  of T4 polynucleotide k inase  
in  a to tal volume of 20}il in  an  Eppendorf tube. The tube was incubated  a t 
37° for 1 hour and  the reaction  was te rm in a ted  by hea tin g  a t 65° for 10 
m in u te s .
3.1.2E TWO PRIMER OLIGONUCLEOTIDE DIRECTED 
MUTAGENESIS
(i) . ANNEALING
S in g le -s tra n d e d  te m p la te  DNA (0.5 pm ol) w as m ixed w ith  5' 
phosphory lated  m utagenic oligonucleotide (10 pmol), non-phosphorylated 
M l 3 sequencing  p rim er (10 pmol), and  lp l  of 10X buffer A in  a to ta l 
volume of 10pl. The m ixture was heated  a t 65° for 5 m inutes, th en  placed 
a t  room tem pera tu re  23° for 10 m inutes.
D uring  the  annea ling  reaction, the enzym e nucleotide solution was 
p repared  as follows lp l  10X buffer B, 4}il dNTPs, lp l  of lOmM ATP, 3 un its 
of T4 DNA ligase, 5 un its of E.coli DNA polym erase I (large fragm ent) and 
w ater to lOjil.
(ii) EXTENSION AND LIGATION
A fter 10 m inu tes a t  room  tem p era tu re , 10pl of enzym e/nucleotide 
solution a re  added to the annealed  DNA. The contents w ere m ixed and 
placed a t 16° for 8 hours.
a(iii) TRANSFORMATION
Competent JM101 cells were transfo rm ed  w ith  appropria te  dilutions 
of DNA samples as described in  Section 2.5.1.
(iv) PLAQUE HYBRIDIZATION
P la tes  ca rry in g  p laq u e s  w ere  p laced  a t  4° for 15 m in u te s . 
N itro ce llu b se  f ilte r  discs w ere carefu lly  p laced onto th e  p la te  for 5 
m inutes. Phe filters were carefully rem oved, dried  for 5 m inu tes, then  
baked in  vacuum  a t 60-80° for 1 hour. The filters were placed in  a boilable 
bag, 10ml of p rehybrid isation  buffer (Section 2.6.2) was added, and  the bag 
sealed and incubated a t 65° for 1 hour. The prehybrid isation  solution was 
rem oved ar.d 10m l of hyb rid isa tion  buffer (Section 2.6.3) w ere added. 
Hybridization was carried out a t room tem pera tu re  in  6xSSC for 6-8 hours. 
The probe solution was removed and stored a t -20°. F ilters were w ashed a t 
rocm tem pera tu re  3 tim es w ith 100ml of 6xSSC. F ilters were covered w ith 
Gladwrap and. were autoradiographed for 6-12 hours a t -70° using  Kodak- 
XAR-5 film  a n d  an  in tensify ing  screen. S ubsequen t w ashes a t  h igher 
tem pera tu res w ere perform ed w ith  p reh ea ted  100m l 6xSSC buffer (for 
ea<h filter) for 2 m inutes. F ina l h igher tem p era tu re  w ash  w as alw ays 
perform ed 2°- 5° above Td value (Td is calculated  from  the  W allace rule 
(S iggs et a /., 1981) w hich app lies only to l l-2 0 m e rs  u n d e r  6xSSC 
cor.ditions: Td= 4° (for every G & C) + 2° (for every  A & T).
Auioradiograplhy w as carried  ou t as above for 6-12 hours, depending on 
th e  streng th  of’ the hybridisation signal.
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(v) PLAQUE PURIFICATION
After having identified a good hybridisation positive, it is necessary to 
plaque purify the m utant and sequence the DNA to confirm the desired 
base changes. Individual plaques were transferred with a sterile tooth 
pick to lOOpl of sterile TE. This was mixed well and diluted with TE 
appropriately. lOpl of different dilutions were plated with lOOpl of 
overnight JM101 and 2.5ml of YT top agar. Single-stranded DNA was 
prepared from different plaques as described in Section 3.I.2.A.
(vi) DNA SEQUENCING
DNA from the m utant and the wild type were sequenced in the region 
of the m utation by utilising a primer that primed several bases away, to 
verify the desired base changes in the region of the mutation.
For functional analysis of this m utant M13RF was prepared as 
described in Section 2.2.2 and the ADH1 insert was isolated and cloned 
into the yeast vector YRp7. This was then used to transform the yeast cells 
as described in Section 2.5.3.
3.2. SITE-DIRECTED MUTAGENESIS USING pTZ 
PLASMID DNA.
pTZ plasmids are multifunctional plasmids specially designed to 
permit DNA cloning, dideoxy DNA sequencing, in vitro mutagenesis and 
in vitro transcription all in one system (Mead et al., 1986). These plasmids 
are ideal vectors for in vitro mutagenesis as they contain the fl origin of 
replication. The double-stranded plasmids are converted into single- 
stranded DNA by superinfection with helper phage (M13K07). By
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u tilis ing  phage encoded functions, the  pTZ plasm ids are  rep lica ted  as 
single-stranded DNA, packaged and excreted into the  grow th m edium  in 
the  sam e way as M l 3 vectors. The sing le-stranded  tem pla te  is readily  
ex trac ted  by norm al M l3 procedures for use in  in vitro s ite -d irec ted  
m u tag en esis  w ith  the  M l 3 reverse  sequencing  p rim er. The added 
advantage of th is system  is th a t i t  provides a versatile  "all in  one system" 
th a t saves tim e by elim inating the need to subclone an  in se rt into different 
vectors for cloning, ch arac te risa tio n , sequencing  an d  m utagenesis.(see  
Figure 3.2)
3.2.1 ISOLATION OF TEMPLATE DNA
The 1.45kb DNA fragm ent, from YRp7, con tain ing  the  yeast TRP1 
gene and  autonom ous replicative sequence (ARS) w as cloned into EcoRl 
site of pTZ19R. Then the 3.45kb DNA fragm ent (from YRp79T6) carrying 
the gene for ADH1 was cloned into B am H l site of pTZ19R DNA to give the 
p lasm id  pJC 19R  (see F ig u re  3.2). C o m p eten t JM 101 cells w ere 
transfo rm ed  w ith p JC l9 R  DNA and p la ted  out on am picillin  containing 
p lates. Several colonies w ere picked, grow n and  sing le-s tranded  DNA 
prepared  from  them  (see below). The clone carry ing  the  com plem entary 
strand  to the  m utagenic oligonucleotide was identified by perform ing a dot 
blot h y b rid isa tio n  on severa l clones. T h is w as th e n  confirm ed by 
sequencing the  DNA using  the  m utagenic  oligonucleotide as a prim er. 
This DNA w as used as the  tem plate  DNA for m utagenesis.
3.2.2 HELPER PHAGE PROPAGATION (M13K07)
(M essing,1983).
M 13K07 w as s treak ed  on 2YT p la te  and  4ml of soft a g a r  (0.8%) 
contain ing  1 OOjllI of JM101 overnight was poured onto the p late. The plate 
w as incubated  a t  37° overnight. A reas of closely spaced single p laques 
w ere  sc rap e d  in to  a 30-200m l of 2YT m ed ia  co n ta in in g  70pg/m l 
kanam ycin. G row th was carried out a t 37° for 10-14 hours w ith  very good 
aera tion . Cells w ere pelleted  and  the  su p e rn a ta n t was stored  a t 4° and 
used  as he lper phage inoculum.
3.2.3. PRODUCTION OF SINGLE-STRANDED r»JC19R
(Mead et al., 1985).
pJC 19R  transform ed JM101 was grown to Aöoo = 0.6-0.8 density  a t 37° 
in  2YT m ed ia  su p p lem en ted  w ith  0.001% th ia m in e  a n d  150pg/m l 
am picillin . 2ml of th is cu ltu re  was infected w ith  M13K07 he lper phage 
and  grow th  w as continued a t 37° w ith  very good aera tion  for 1-2 hours. 
400jil of infected cells were m ixed w ith  10 ml of 2YT m edia con tain ing  
70|ig/m l kanam ycin , 150pg/ml am picillin and  0.001% th iam ine . G row th 
w as carried  out a t  37° w ith  very good aeration  for 14-18 hours. The cells 
were tran sfe rred  to a 1.5 ml Eppendorf tube and the cells were pelleted by a 
5 m inu te  sp in  in  a microfuge. The su p e rn a ta n t was tre a te d  exactly  as 
described in  Section 3.1.2.A of th is chap ter to get single-stranded tem plate
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3.2.4. MUTAGENESIS
Prelim inary in vitro test and 5' phosphorylation of the mutagenic 
oligonucleotide were performed as described in the respective Sections 
3.1.2.B and 3,1.2.C. Reverse sequencing primer was used as the second 
primer. The primer/template mixture was heated a t 80° for 5 minutes 
and left a t room tem perature for at least 30 minutes. The rest of the 
mutagenesis steps were similar to Section 3.1.2.E (see Figure 3.2).
3.2.5. TRANSFORMATION
After extension and ligation, appropriate dilution of DNA samples 
were used to transform competent JM101 cells.
3.2.6. COLONY HYBRIDISATION: (Woodset al., 1982;
Whitehead et a l., 1983)
Bacterial colonies were grown at 37° for 8-20 hours. Nitrocellulose 
filters were marked, laid on the bacterial colonies and left a t room 
tem perature for 1-5 minutes. Filters were then transferred to a sheet of 
3MM W hatman paper soaked in 0.5M NaOH/1.5MNaCl with colonies face 
up for 10 minutes. Filters were transferred to a dry 3MM W hatman 
paper, to remove excess of NaOH. Then, filters were transferred to a sheet 
of 3MM W hatman paper wetted with 2xSSC for a t least 15 minutes. Filters 
were air dried and baked for 30-60 minutes a t 80° in a vacuum oven, 
sandwiched between sheets of dry 3MM paper. Filters were rewetted with 
6xSSC for 5 minutes and prehybridised with prehybridisation buffer at 65° 
for 30 minutes. F ilters were rinsed in 6xSSC buffer and placed in a 
boilable bag with 10 ml of hybridisation buffer. The bags were sealed and
56
th e  hybridisation was carried  out a t 65° for 30 m inutes and the  bags were 
le ft a t room tem pera tu re  for 6-8 hours. The probe solution w as rem oved 
and  stored a t -20°. F ilte rs  were w ashed a t  d ifferent tem p era tu re s  w ith 
100ml of 6xSSC and  exposed to XAR-5 film as described in  Section 2.6.3.
3.2.7. COLONY PURIFICATION
After having positively identified a good hybridisation positive colony, 
i t  is necessary  to purify the  m utan t. Individual colonies were tran sfe rred  
to 2YT m edia w ith  am picillin , m ixed well and  p la ted  out a t d ifferen t 
d ilu tions on 2YT am picillin  p la tes . G row th  w as con tinued  a t  37° 
overn igh t. S ingle colonies w ere tra n s fe r re d  to 2YT m ed ium  w ith  
100pg/m l am picillin , grow n and  s in g le -s tran d ed  DNA p re p a re d  from  
them .
3.2.8. DNA SEQUENCING
The m u ta n t DNA w as sequenced as described before. For functional 
analysis, JM 101 cells carry ing  m u ta n t DNA w ere grow n and  double- 
s tranded  p lasm id  DNA iso lated  as described in  Section 2.2.1. This w as 
then used  to transform  yeast cells lacking all ADH enzymes.
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3.3. OLIGONUCLEOTIDE-DIRECTED MUTAGENKSTfi 
USING A URACIL CONTAINING TEMPLATE 
(Kunkel et al., 1985)
When sequence changes produce silent, unknown or non-selectable 
phenotypes, it is desirable to increase the frequency of production of the 
desired change relative to the unaltered sequence. The low frequencies 
th a t are commonly observed apparently resu lt from the sometimes 
inefficient in vitro reactions needed to incorporate the m utation into a 
biologically active form and from heteroduplex expression phenomena 
favouring the genotype of the wild type sequence. Several biochemical and 
genetic approaches have been developed to overcome these limitations, 
each having its own advantages but requiring additional, and often time- 
consuming steps. The choice of which method to use may depend simply 
on the familiarity of an individual with the particular vector system and 
enzymes utilized with the method.
Site-directed mutagenesis using a uracil containing template takes 
advantage of a strong biological selection against the original, unaltered 
genotype and altered DNA sequences can be obtained without phenotypic 
selection. The critical step in this procedure is the preparation of template 
DNA from phage DNA grown in an E.coli dut~ (deoxy UTPase) and ung' 
(uracil-N-glycolase) host rather than in the usual wild-type host. Then 
the phage DNA containing uracil is titrated on both ung' and ung+ E.coli 
cells (Any phage DNA containing uracil will be destroyed on ung+ E.coli 
cells). As the ratio of plaques on ung+ to ung' is <0.001, the phage DNA is 
ready to be used as template DNA for the oligo-directed mutagenesis. The 
mutagenic oligonucleotide is hybridised to the phage template DNA and 
extended with DNA polymerase I, ligase and DNTP's. The heteroduplex 
is, then, introduced into ung+ cells where the template DNA containing
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u rac il is destroyed leaving behind  only the  in vitro syn thesized  s tra n d  
contain ing  the m utation. This is then  sequenced s tra ig h t aw ay to confirm 
th e  incorporated base changes. Obviously th is  procedure does not require 
any  o ther screening procedure to identify the  m u tan t. pTZ DNA was used 
for th is  procedure (see Figure 3.3)
3.3.1. ISOLATION OF URACIL CONTAINING SINGLE- 
STRANDED TEMPLATE DNA
pJC19R DNA was used to transform  RZ1032 (dut-1, ung'1) cells. The 
tran s fo rm a n ts  were grown in  2YT m edium  supplem ented  w ith  150pg/ml 
am picillin  and  0.001% th iam ine un til the  O.D. a t 640nm  reached 0.6-0.8. 
C ells w ere h a rv e s te d  and  a fte r  w ash ing  w ith  2YT once, cells w ere 
resuspended  in  2YT m edium  containing 0.25pg/ml u rid ine  and 150jig/ml 
am picillin . Cells were superinfected  w ith  M13K07 (helper phage) and 
grow th  ca rried  out a t 37° for 14-18 hours. S ing le-stranded  DNA w as 
iso la ted  as described before. The tem plate  DNA w ith  and w ithout uracil 
w ere used  to transfo rm  ung~ (RZ1032)and ung+ (JM 101) cells and  plated  
out on am picillin  p la tes to confirm the  presence of uracil in  the  tem plate  
DNA. P re lim inary  tests  were perform ed as described before.
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3.3.2. MUTAGENE STS
The m utagenic oligonucleotide was 5'-phosphorylated and the 
m utagenesis was performed as described in Section 3.2.4, with one 
modification; second primer was not used. After mutagenesis, JM101 
cells were transformed with the DNA and plated out on ampicillin plates. 
Any colonies th a t grew on the plates were picked, grown and single- 
stranded DNA prepared as described before. The DNA was sequenced to 
confirm the base changes. For functional analysis plasmid DNA was 
prepared and introduced into the yeast cells.
3.4 OLIGONUCLEOTIDE SYNTHESIS 
3.4.1 INTRODUCTION
Two decades ago chemical synthesis of oligodeoxyribonucleotides 
was rather an interest of the organic chemist. Over the past twenty years 
this situation has dramatically changed. There is hardly a field in biology 
in which synthetic DNA has not been used or does not have the potential to 
be used. The reason for such a turnabout is mainly due to the rapid and 
efficient synthesis of oligonucleotides together w ith the advent of 
molecular cloning techniques. It is not surprising th a t these two 
technologies would have an impact on each other, since they both deal 
with the creation of new combinations of nucleotide sequences.
The prim ary motivations for advances in DNA chemistry have been 
the g reat biological potential and probably more im portantly, the 
tremendous demand for synthetic oligonucleotides. Over the past 30 years, 
several methods for synthesizing DNA have been successfully developed; 
these are phosphate diester (Narang, 1983), phosphotriester (Davies et al.,
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1983), p h o sp h ite tr ie s te r  ( I ta k u ra  et al. ,1984) an d  p h o sp h a ra m id ite  
(B eaueage et al., 1981) m ethods. The dem and for oligonucleotides has 
m otivated  chem ists to introduce solid-phase chem istry , to au tom ate  the 
process of DNA synthesis, to improve yields per cycle to m ake longer DNA 
sequences a tta inab le , and to explore d ifferent chem istries to im prove the 
synthetic  process. The increasing availability  of synthetic DNA sequences 
has led to a revolution in  the way m olecular biologists approach problem s. 
Synthetic  oligonucleotides m ake possible the  creation of purely  m an-m ade 
genes, the  isolation of genes not clonable by o ther techniques, the  creation 
of site-specific  m u ta tio n s  (precise p o in t m u ta tio n s , in se r tio n s  and  
deletions), and  the  diagnosis of m uta tions responsible for h u m an  genetic 
d iseases.
The syn thesis  in  solution of oligodeoxyribonucleotides of defined 
sequence by a modified phosphotriester m ethod has been shown to be very 
successful (C rea et al., 1979) and  its  effectiveness dem onstra ted  in  the  
chem ical sy n th e s is  of genes for h u m an  in su lin  (C rea  et al., 1978). 
However in  order to reduce the  losses of nucleotide m ateria l and  avoid the  
tim e  co n su m in g  p u rif ic a tio n  of in te rm e d ia te s , sy n th e s is  of th e  
oligonucleotides on a solid polym er was in troduced. The advan tages of 
solid-phase syn thesis over conventional so lu tion  phase m ethods can be 
listed as follows:
1. The isolation of the product th a t  is bound to the insoluble resin  from
the soluble reagen ts and by-products can be perform ed by sim ply filtering  
and  w ash ing  th e  resin . Therefore, the  iso la tion  can be done rap id ly  
w ithout th e  loss of th e  product, which is u sua lly  encountered du ring  the 
purification of synthetic  in term ediates by solution-phase m ethod.
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2. The soluble reagen ts can be used in  excess in  order to force the  
reactions to completion. This stra tegy  furn ishes h igher reaction yields.
3. All synthetic reactions are carried  ou t in  one ap p ara tu s ; thus, the  
loss of reaction products during the operations should be m inim al
4. T he m ost im p o rta n t fe a tu re  of so lid -phase  sy n th e s is  is th e  
sim plification of the operation: The essen tia l steps are  m ixing, w ashing  
and  filtering , which are simple although tedious to perform  m anually  b u t 
w hich lend  them selves to au tom ated  operation. Because these are  such 
sim ple procedures, even biologists w ithou t organic syn the tic  skills can 
synthesize  desired oligonucleotide sequences.
S ince all p u rif ic a tio n  s tep s a re  le ft to th e  very  end  of th e  
assem bly ,th is places certa in  dem ands on the  m ethod in  general. Thus, 
p ro tec ting  groups m ust be stab le  to the  various conditions used  in  the  
assem bly  cycles, b u t m ust also be cleanly and quan tita tiv e ly  rem oved a t 
th e  app rop ria te  tim e. In ter-nucleo tide  coupling reactions should  be as 
efficient and  as selective as possible to p reven t the  accum ulation of failure 
sequences, tru n ca ted  sequences and o ther im purities, w hich would lead 
u ltim ately  to a poor yield of the desired product.
Since the  firs t syn thesis of a longer oligodeoxyribonucleotide w ith  
defined sequence on a polym er support (K oster et al.> 1974), fir tin: h ist 
deöSd«, various polym ers have been in troduced as carriers ( K oster et al., 
1983). The success of polym er support oligodeoxyribonucleotide synthesis 
is m ain ly  dep en d en t on the  choice of th e  polym er suppo rt, re liab le  
s y n th e tic  s t r a te g y  a n d  e ff ic ie n t p u r if ic a tio n  m e th o d s  for th e  
oligonucleotide chains a fte r deprotection and  cleavage from  the  carrier. 
Even though  lot of im provem ents have been achieved by u tilis ing  solid 
phase synthesis bu ilt into semi- and totally  autom ated  procedures, the  cost 
in  te rm s of tim e and m a te ria ls , has been th e  m ost lim iting  factor in  
o ligonucleo tide  sy n th e s is . In  a fu lly  a u to m a te d  p ro ced u re , a ll
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oligonucleotides are synthesized one after the other sequentially. One of 
the major cost problems has been the inability to scale down on precious 
reagents without affecting yields. For this reason, currently used 
synthesis protocols start with at least 0.2-1 pinole of nucleoside attached to 
the solid support which is excessive . for most purposes and they
lead to a price which is too high for general use of oligonucleotides in large 
numbers. Although we have made a few of our oligonucleotides on a 
Beckman DNA synthesizer, we have investigated a cheaper procedure 
based on synthesis on filter paper discs.
Crea (1980) have described the use of cellulose as a solid
support for the phosphotriester method. A procedure devised by Frank et 
aL, (1983) for the simultaneous synthesis of oligonucleotides on a cellulose 
support cuts down the time as well as the amount of reagents used, 
thereby, reducing the cost per synthesis considerably. We have used a 
microscale method (Mathes et al., 1984, Brenner et aL, 1985) utilising 
cellulose supports, which makes parallel synthesis of large numbers of 
oligonucleotides possible, (for a review see Gait., 1984 )
3.4.2 MATERIALS
Pyridine and DCE must be redistilled. The pyridine was distilled 
twice, firstly from ninhydrin to get rid of primary amines and secondly 
from KOH, to remove water. All solvents were stored under argon. The 
pyridine was stored in a light proof bottle in the cold room. DMF was 
redistilled at reduced pressures. DCE was distilled from phosphorus 
pentoxide. When solvents were put in the machine, 4A molecular sieves 
were added to pyridine, DCE and DMF.
The 4-column DNA synthesizer (column and solvent delivery 
system ) was purchased from Omnifit. All o ther reagen ts for
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oligonucleotide syn thesis  w ere p u rchased  from  C ruachem . T he solid 
support was W hatm an 3MM chrom atography paper cut to round disks of 
6.4 mm diam eter.
3.4.3 METHODS
3.4.3A TESTING FILTER PAPER
The idea was to select a sheet of filter paper w ith  the m ost b inding 
capacity. I t  was sta ted  by John  Kite (personal comm unication) th a t  sheets 
m ay vary up to 3 fold in  th e ir capacity.
One disc cut from each sheet wTas m arked properly w ith  a pencil on 
the  convex side. The disc was then  in serted  into the  column, convex side 
down using th e  ram m er to pack the  disc as f la t as possible. The firs t 
nucleoside w as a ttached  as un d er 3.4.3.B below and  the  sheet of filte r 
paper giving the  h ighest trity l response was re ta ined  for fu rth er use.
3.4.3B ADDITION OF THE FIRST NUCLEOSIDE
(see F igure 3.4)
P ap er discs of W hatm an 3MM paper were m arked  w ith  a pencil and 
inserted  into the  column and packed well as described above.
(i) Each colum n w ith packed discs was flushed w ith 1 ml of DCE by using 
a syringe to remove any a ir  bubble betw een the discs. E ach colum n was 
flushed w ith  anhydrous pyridine (5 m inutes a t  lm l/m in ) using  an argon 
pressure-controlled solvent delivery system .
(ii) 40m g (~50pm ol) of each of the  four p ro tec ted  2-deoxynucleoside 
succinates w as w eighed out in to  an  oven dried  c lean  vial. 300|il of 
p y riiin e  w as added to vial and  the  con ten ts m ixed by rocking. 30pl
(72|imol) of 1-m ethylim idazole (MIM) was added to each vial and  m ixing 
by sw irling  270j.il (339|imol) of a freshly  p repared  solution of M SNT in  
anhydrous pyridine (500mg/ml) was added to each vial and mixed.
(iii) 200(1.1 of each m onom er mix (ac tiva ted  succinate) was in jected  into 
respective columns a t 0, 5, and  10 m inu tes w ith  the  help of a  H am ilton  
syringe. Then the columns were left w ithout flow for 2 hours.
(iv) E ach column was flushed w ith pyridine for 5 m inutes.
(v) 500|il of capping reag en t [acetic anhydride - pyridine - DMAP, 2:8:1 
(v/v/w) w as injected into each column and left there  for 10 m inutes.
(vi) The reagen t was cleaned out by w ashing w ith pyridine for 5 m inutes.
(vii) E ach column was w ashed w ith DCE for 2 m inutes.
(viii) The colum ns were taken  a p a rt and the  discs were pressed  out w ith 
th e  p lu n g e r in to  a b eak er con ta in ing  e th e r. They w ere w ashed  by 
sw irling and  dried in  the air.
The top and the bottom  discs from each column were used for trity l 
te s t as described below.
3.4.3C TRITYL TEST:
E ach disc was pu t into 2.5 ml of 60% perchloric acid/ethanol 3:2 and 
left u n til the  disc became colourless. An aliquot was dilu ted 10X and  the 
absorbance w as read  a t 495nm . The num ber jimoles of nucleotide/disc 
was calculated  as follows:
Absorbance a t 495nm x 25 
71.7
= xpmoles of nucleotide/disc 
We norm ally  obtained 0.2 -  0.3 (imoles/disc.
C orresponding to 25}imoles/gm
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3.4.3D THE ELONGATION CYCLE
(i) . T ie  discs were sorted out into the appropriate  columns
(ii) . The discs were flushed w ith  DCE for 1 m inu te  and  any a ir  bubble 
between discs was removed via a syringe filled w ith DCE
(iii) . The discs were flushed w ith  3% DCA/DCE for 2 m inu tes or un til no 
more yellow colour (trity l being removed) w as seen
(iv) . Each colum n was flushed w ith DCE for 1 m inute  and pyridine for 4 
m in u ies
(v) . A ctivated m onom ers of TEA sa lt were p repared  as described in  Section 
3.4.3.B, and  the  m ixture was injected over a  period of 5 m inu tes and  left 
there  for 15 m inutes
(vi) . Each colum n was flushed w ith pyridine for 3 m inutes and  DCE for 1 
m inu te
(vii) . The colum ns were taken  a p a rt and the discs were pressed  out into a 
beaker containing e ther and dried in  the air.
The discs were sorted out into the  appropria te  colum n and  s ta rted  
again a t 3(i) for each addition of nucleotide.
3.4.3E DEPROTECTION
We have used two d ifferent m ethods for deprotection. The firs t of 
these is described in  M athes et al., 1984. A fter the  final elongation cycle, 
each disc was placed in  the bottom  of an  E ppendorf tube w ith the  a id  of a 
pair of tw eezers. 50fil of deprotection solution [syn-2. N itrobenzaldoxim e 
(0.£6g), d ioxane-w ater (1:1 v/v, 8ml)| and  1,1,3,3 - te tram eth y lg u an id in e  
(0.41ml) was added and the tube was mixed w ith  a vortex, centrifuged and 
left o v e rn ig h t (16 hours) a t  room tem p era tu re . The so lu tions w ere 
evapo ra ted  to d ryness in  a speed-vac co n cen tra to r. C o n cen tra ted
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am m onia (lOOpl) w as added to the tube (the disc still in  the tube) and the 
tube w as vortexed and  placed a t 50° for 5 hours. The am m onia was 
evaporated to dryness in  a speed-vac concentrator.
The second m ethod  is described in  B ren n er et al., 1984. This 
procedure for deprotection of oligonucleotides is less tim e consum ing and 
has proved b e tte r th an  the above procedure
The discs w ere placed in  a sm all beaker containing dioxane-w ater 
(1:1, v/v, 10m l), syn-2-nitrobenzaldoxim e (300mg), and  1,1,3,3 - te tra -  
m ethy lguan id ine  (300|il). A fter gently  sw irling, the  discs w ere left a t 
room tem p era tu re  for 30 m inutes. Deprotection solution was rem oved and 
the  discs w ere w ashed sequentially  w ith dioxane-w ater (6 x 5ml) and  w ith 
e th e r (10ml) and th en  a ir  dried. Each disc was th en  placed in  a separa te  
E ppendorf tube containing 200pl of concentrated, amm onia and the  tubes 
w ere vortexed, cen trifuged  and left a t  50° for 5 hours. A fter a  second 
cen trifuga tion  th e  solutions were tran sfe rred  to fresh  E ppendorf tubes, 
and  evaporated  to dryness in a speedi-vac concentrator.
3.4.3F DETRITYLATION:
V acuum -dried aliquots were dissolved in  80% (v/v) acetic acid (50pl) 
and  kep t a t  room  tem pera tu re  for 20 m inutes. 25pl w ater was added and 
the  solution ex tracted  w ith e ther (3 tim es, 200pl each) and evaporated in  a 
speedi-vac concentrator. 50pl w ater was added. 5fil of 3M sodium  acetate  
(pH 4.8), 150pl e thano l were added, and  m ix tu re  placed a t  -70° for 30 
m inu tes centrifugation  was perform ed a t 4° for 15 m inutes (12,000g). The 
pellets w ere w ashed w ith lOOpl of absolute ethanol (-20°) and dried.
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3.4.4 POLYACRYLAMIDE GEL PURIFICATION OF 
OLIGONUCLEOTIDES
For gel purification the pellets were dissolved in lOfil of 90% 
formamide, 0.2% xylene-cyanol, 25mM Tris-borate (pH8.5), 0.6mM EDTA 
and electrophoresed on 20% polyacrylamide (polyacrylamide- 
bisacrylamide, 40:1) 7M urea gels (1.5mm thickness). Bromophenol blue 
was run in the side well so as not to interfere with visualisation of the 
DNA bands. Samples (10pl) were boiled for 2 minutes and loaded 
immediately.
Electrophoresis was performed at 600V until the bromophenol blue 
migrated about 30cm from the wells. The glass plates were removed and 
the gel was wrapped in glad-wrap. The gel was placed on a fluorescent 
background (TLC plate) and the DNA bands were visualised with a UV 
light. Alternatively, the DNA bands were visualised after staining in 
ethidium bromide (5pg/ml) for 5 minutes and exposed to UV light. The 
desired band (slowest moving band) was cut out with a sharp razor blade. 
The gel piece was crushed in an Eppendorf (1.5ml) tube, with a glass rod. 
Water (3 x volume of gel) was added to the tube, vortexed and placed at 
room temperature overnight. The oligonucleotide containing 
supernatants were cleaned from polyacrylamide pieces by centrifugation 
through siliconised glass wool in Eppendorf tubes punctured at the 
bottom. 0.1 vol of 3M sodium acetate (pH 6.5) and 3 vol of ethanol (-20°) 
were added, and the tubes placed at -90° for 30 minutes. After 
centrifugation at 12,000g for 15 minutes (at 4°), the DNA pellets were 
washed with cold ethanol and dried. The pellets were dissolved in 20-30fil 
of sterile water and concentration of DNA was measured by measuring 
the absorbance of 500x dilution at 260nm. (1 OD (A260) is equivalent to a 
single-stranded DNA concentration of 40 Jig/ml)
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3.5 OLIGONUCLEOTIDE SEQUENCE ANALYSTS
(M axam-Gilbert, 1980, Rickwood & H aines, 1982)
O ligonucleotides syn thesized  in  an  au to m ated  m achine a re  not 
norm ally  sequenced as it  is sufficient to check the sequence as i t  appears 
on the  screen, confirm th a t  the reagen ts are  correctly in sta lled  and  verify 
th a t  th e  correct n u m b er of tr ity ls  w as produced. O ligonucleotides 
syn thesized  m anually  have been successfully used for different purposes. 
H ow ever, because  of th e  n u m b er of m an ip u la tio n s  le a d in g  to the  
possib ility  of operator erro r (especially during  sorting  of the  discs before 
th e  coupling steps) and potential physical problem s, i t  would be desirable 
to sequence a t least the key fragm ents.
All reactions were carried  out in  1.5ml siliconised E ppendorf tubes.
5 ’ end  labeling  of the  oligonucleotide: lOOpmol of pu rified  and 
d esa lted  oligonucleotide was lyophilised in  a ste rilised  and  siliconised 
E ppendorf tube. The lyophilised oligonucleotide w as dissolved in  2jil of 
lO xkinase buffer, 2pi of [y-32P] ATP (10 Ci/mmol) and  14pl of deionised 
d is tilled  w a te r  w as added and  the  con ten ts m ixed. T hen, lp l  of T4 
polynucleotide k inase  (10u/pl) was added, m ixed well and  the  tube  was 
incubated  a t 37° for 60 m inutes. Then, 20pl of carrie r DNA (1 mg/1.5ml), 
3pl of 3M sodium  acetate  pH4.8 and 200pl of cold ethanol were added and 
the  5' labeled oligonucleotide was precipitated  in  dry ice/ethanol b a th  for 20 
m inu tes. The tube was centrifuged for 10 m inu tes (12,000g) a t 4°. The 
su p e rn a ta n t  w as d iscarded, the  pe lle t w ashed  by add ing  1m l of 70% 
e thano l (cold), spun for 30 seconds and  the  su p e rn a ta n t w as discarded. 
This step  w as repeated  twice. The pellet was dried under vacuum  for 10 
m inutes. The pellet was suspended in 35pl deionised, d istilled w ater.
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3.5.1 SEQUENCING REACTIONS
T he sequencing  procedure  w as c a rried  ou t accord ing  to the  
following protocol.
G G + A T + C C
ON ICE ON ICE ON ICE ON ICE
5fil labelled DNA 
200fil DMS buffer 
Mixed well
10pl labelled DNA 
lOpl H 20  
Mixed well
10|il labelled DNA 
lOpl H 20  
Mixed well
5|il labelled DNA 
15|il 5M NaCl 
Mixed well
lp l  DMS 
Mixed and 
left a t 2CP for 30’
50jil Formic acid 
Mixed and 
left a t 2CP for 30’
30pl H ydrazine 
Mixed and 
left a t 2GP for 40'
30|il H ydrazine 
Mixed and 
left a t 2CP for 40'
The reaction  was term ina ted  as follows:
G reaction tube - 50|il G-stop buffer and 1ml ethanol were added 
G + A reaction  tube - 200jil ACT stop buffer and 1ml ethanol were added 
T + C reaction tube - 200pl ACT stop buffer and 1ml ethanol were added 
C reaction tube - 200|il ACT stop buffer and 1 ml ethanol were added
All th e  tubes w ere placed on dry ice/ethanol b a th  for 20 m inu tes. The 
tubes were centrifuged for 10 m inutes (12 000g) and the  su p e rn a ta n t was 
discarded. The pellets were dissolved in  lOOpl of 0.3M sodium acetate  and 
lm l of ethanol (cold) was added. The tubes were placed on dry ice/ ethanol 
b a th  for 20 m inu tes and spun a t 12 000g for 10 m inutes. The su p e rn a tan t 
w as d iscarded  and  the  pellets were rin sed  w ith  1 ml cold 70% ethanol. 
T his s tep  w as rep ea ted  twice. The pe lle ts  w ere vacuum  d ried  and 
dissolved in  100ql of 1M piperidine (freshly diluted). The tubes were sealed
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w ith  two layers of parafilm  and incubated a t 90° for 30 m inutes w ith  clips 
on top of the tubes. Then the tubes were briefly centrifuged to bring  all the 
liquid to the bottom  of the tube. The tubes were dried under vacuum  (about 
4 hours). 50|il of w ater was added and the  contents were lyophilised; th is 
w as repeated  again to remove any rem ain ing  piperidine. The pellets were 
dissolved lOOpl of oligonucleotide sequencing gel loading buffer. The tubes 
were h ea ted  a t 90° for 2 m inutes w ith caps off, chilled on ice and loaded 
im m ediately  on to a 20% sequencing gel (0.3mm thick). The gel was pre­
ru n  for 30 m inutes prior to loading the  sam ple (2-4pl) the  gel w as ru n  a t 
1500 volts un til the  blue dye had m igrated  about 25cm (for 40cm long gel).
The gel was visualised w ith autoradiography (see F igure 3.5).
*The su p e rn a ta n t and the  tips used for DMS reaction should be pu t 
in  to a w aste bottle containing 0.5M NaOH to neutra lize  the DMS.
**H ydrazine reaction  w astes should  be p u t in to  a w aste  bo ttle  
containing 0.2M ferric chloride to destroy the hydrazine.
3.6 RESULTS AND DISCUSSION
The ad v an tag es  of u sing  phage M l3 derived  vectors a re  the  rap id  
iso la tion , sc reen ing  and  sequencing  of the  m u ta n t  DNA. B u t the  m ajor 
draw back w ith  these vectors is th a t the  in se rt carry ing  the  m u ta tion  m ust be 
iso la ted  an d  recloned in to  an  expression  vecto r for functional analysis. 
A nother problem  w ith in se rts  more th a n  lk b  is the  in s tab ility  of the  cloned 
fragm ent. In  order to overcome th is problem , recom binants w ith  large inserts 
a re  subjected to a m inim al num ber of bu rs ts  to obtained the  desired am ount of 
phage DNA (in  th is  study  we used 4-5 hours of grow th a fte r infection). We 
observed a  one kb deletion in one of the  m u ta n t in se rts  we isolated using M l 3 
vector. W hen th is  deletion m u ta n t was expressed in  yeast, no ADH enzyme 
activity w as detected.
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However, it  is possible to m inim ise the problem s encountered w ith M l 3 
derived vectors by utilising  vectors ready for biological use. These vectors also 
contain  the  origin of rep lication  from a sing le-stranded  phage (Dente et al., 
1983, Zagursky and B erm an, 1984). The pTZ is one of such plasm ids which is 
best su ited  for site-directed m utagenesis (Section 3.2). The sm all size of the pTZ 
p lasm ids (2.9kb) allows large in se rts  to be cloned and  expressed. We have 
successfully used pTZ plasm ids to isolate several m u tan ts  (see C hapters 5 and 
6). We observed a notable difference in  the  m utagenesis efficiency using  M l 3 
derived  vectors as com pared to the  pTZ p lasm id  vector. The efficiency of 
m utagenesis was approxim ately 25 to 30% in  the  case of M l3 vector and 5 to 
15% in  the  case of pTZ plasm id vector.
As th e  efficiency of m utagenesis decreases, the  probability  of picking a 
positive m u ta n t colony or plaque also decreases and th is could lead to the time 
consum ing p re lim inary  screening procedures for m u tan ts . This problem  can 
be circum vented by using a uracil containing tem plate  DNA (Section 3.3). This 
enables us to isolate m u tan ts  w ithout phenotypic selection. We isolated two 
single m u ta n ts  using th is procedure (C hapter 5). According to the au thors the 
n um ber of positive m u tan ts  picked depends on the  expected success ra te  of 
finding m u tan ts . They expect a m utagenesis efficiency of a t least 50 to 80%. In 
our experim ents, the m utagenesis efficiency was found to be very unreliable. 
In  severa l experim ents, all the  colonies th a t  grew  on selective p la tes were 
found to be w ildtypes. In one experim ent 8 out of 10 were m ixtures of wildtype 
and  m u tan t.
A lthough  the  efficiency of m u tagenesis w ith  the  M l 3 vector was 
sligh tly  b e tte r, the advantages of rap id  analysis of m u tan ts  w ith  the pTZ 
vector outw eighed the  efficiency factor.
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In  common w ith  all forms of solid-fijjce' synthesis, the  p u rity  of the 
chem ical in te rm e d ia te s , so lven ts a n d  re a g e n ts  is of p a ra m o u n t 
im portance. Batch to batch variations in solvent quality  are a m ajor source 
of problem s, and therefore red is tilla tion  of all solvents is recom m ended, 
the  im purities of m ost concern are w ater, acids and  bases, and  m etal ions, 
even though phosphotriester chem istry, as recom m ended by F ra n k  et al., 
1983 and  M athes et al., 1984, is less susceptible to problem s caused  by 
a tm o sp h eric  conditions th a n  p h osph ite  m ethodologies, th e  effect of 
m oisture  on coupling efficiency can be devasta ting . As th e re  is need to 
m ake up the  reagen ts  in  d ifferent batches, i t  is desirable  to keep the  
working area  as dry as possible.
O ur in itia l a ttem p ts  to syn thesise  the  oligonucleotides em ployed 
TCA for d e try tila tio n  (5' deprotection). I t  is suggested by B ren n er and 
Shaw, 1985, th a t  cellulose m ay dim inish  the  effect of the  acid and  th is  
w ould lead  to incom plete  depro tection  re su ltin g  in  p re m a tu re  chain  
term ination . C hain  term ination  m ay also occur due to side reaction  after 
each elongation  step  owing to the  presence of trace  im p u ritie s  in  the 
reag en ts . When th is  happens a p a tte rn  of sm a lle r oligonucleotides is 
visible on a 20% sequencing gel stained w ith  ethidium  bromide.
O ur in itia l a ttem p ts  to synthesise oligonucleotides m et w ith  some 
unforseen problem s even though sim ilar precautions were tak e n  w ith  all 
reag en ts  and  solvents as described by M athes et al., 1984. W hen the  
oligonucleotides were separa ted  on a 20% sequencing gel, the  bands were 
visible a fte r  e th id ium  brom ide staining. The desired bands were purified 
and  sub jected  to p re lim in a ry  te s ts . We found i t  im possib le  ge t any  
sequencing  (M axam -G ilbert, 1980) d a ta  u sing  th ese  oligonucleotides. 
W hen th ey  w ere used  as sequencing  p rim ers  to check w h e th e r they  
prim ed  a t  th e  desired  site  (on ADH I gene) spurious p rim ing  occurred
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resulting in very poor sequencing reactions as indicated by the 
autoradiogram of the sequencing gel.
We investigated the use of DC A (Mathes et aL, 1894) for detrytilation 
instead of TCA. Our experience shows that in this method, DCA is 
preferable to TCA as a detrytilating agent. We have successfully 
synthesised and sequenced the oligonucleotide (see Figure 3.5) to confirm 
the base sequence. A successful mutagenesis experiment was performed 
using the above mentioned oligonucleotide. According to the authors, the 
yield for the synthesis of a 25mer is about lOnmoles (Mathes et a/., 1987). 
We repeatedly obtained only l-2nmoles for the synthesis of a 21mer. Even 
this amount is still enough for all the reactions necessary to carry out a 
successful mutagenesis experiment.
F i g u r e  3 . 1
SITE DIRECTED MUTAGENESIS USING MI3 VECTORS
A. ISOLATION OF SINGLE-STRANDED TEMPLATE
Polycloning site
M!3mpl9YRp79T6
I0.35kb
BAM-HI Digestion 
electroelution BAM HI digestion 
electroelution 
dephosphorylation with 
calf alkaline phosphatase3.45kb DNA 
Carrying ADH-I gene
, Ligate
transform JMIOI 
Plate (IPTG + X-GAL)
Blue plaque 
self ligated MI3Mpl9
White plaque
MI3Mpl9 with 3.45kb insert
i
Prepare sinale-stranded DNA 
from several plaques
T
Dot-blot hybridisation using 5 ’-32p  
labelled ADH sequencing primer 
as probe i
Higher temperature washes 
performed in 6xSSC!
Positive hybridisation signal a fte r 
the final wash (65°)
!
Single-stranded DNA complementary 
to mutagenic oligo; used as template 
DNA for mutagenesis.
F i g u r e  3 . 1
B. MUTAGENESIS
MI3 +
3.45kb ADCI
+
5'
Ufl 3 ' .n i /
d 5 '
Sequencing primer
7'^ M i  i f  n n a n i / '
oligonucleotide
Anneal 65°— 5min 
23°— 5min
Extend/ligate 
06°— 8hours)
Klenow, ligase, dNTp's, rATP
Transform JMIOi
Screen plaque fo r mutants using 5' 32p 
labeled mutagenic oligo as the probe
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Figure 3.4 OLIGONUCLEOTIDE SYNTHESIS
A. Addition of the first nucleoside:
D M Tr-0  / 0 \  Base
QCOCHoCHoC-OHCellulose
(5 -0 -D im e th o x y tr ity l deoxyribonucleoside linked to a 
cellulose support via a succinate linkage)
B. The elongation cycle:
D M Tr-0  T T  B, HO . 0 .  B,
3% DCA/DCE
©
0
&
+MSNT (Coupling agent) 
+MIM (Catalyst)
+ D M T r-0 -i ,0s r B ,
R 0 -  P -Ö E LN H
i t  2
0
©  -— -C ellu lose (Polymer Support)
Cl 
R =
(P-Chlorophenyl) (Dimethoxyt r ity l- )
Figure 3.5: Sequencing of the oligodeoxyribonucleotides by Maxam-Gilbert
method (see Section 3.5 for details).
A = Oligodeoxyribonucleotide synthesized on the Beckman System 1 
DNA Synthesiser.
(5’ GGT GAC TGG CCA GTT AAG CTA CCA 3')
B = Oligodeoxyribonucleotide synthesised manually on a filter paper 
'disc (Section 3.4).
(5' AAC GAA TCC TTG TGT CCT CAC 3')
The first two As on the extreme end of the 5’ side are under B1. The
rest of them are under B2.
A Bl
A T 
+ +
G G C C
B2
A T 
+ +
G G C C
A T 
+ +
G G C C
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CHAPTER FOUR: PRELIMTMARY STTTDTES ON 
THE EXPANSION OF THE ACTIVE STTE TN 
Y-ADH1
4.1. IN T R O D U C T IO N
One of the promises held out by protein engineering is the ability to 
predictably alter the properties of an enzyme to enable it to attack new 
su b stra tes  or catalyse existing substra tes more efficiently, such 
m anipulations being of interest both enzymologically and potentially, 
industrially.
Alcohol dehydrogenases are very suitable enzymes for this type of 
investigation. The 3-dimensional structure of one of them, tha t from 
horse liver has been determined by X-ray crystallography and it is possible 
to deduce the structures of the ADH enzymes from other species by 
homology. Much valuable information on presumed enzyme mechanisms 
has been gained from comparative studies on homologous enzymes by 
relating the observed amino acid changes to changes in function. The 
adven t of p ro tein  engineering technology enables experim ental 
verification of such predictions. One particularly well characterized 
enzyme which is suited for protein engineering is alcohol dehydrogenase 
enzyme as its complete amino acid sequence is known from a range of 
organisms, its crystal structure has been solved for horse ADH (Eklund et 
al.y 1976) and its nucleotide sequence has been elucidated in several 
species.
Comparison (Jornvall et al., 1978) of the primary structure of yeast 
alcohol dehydrogenase was made to the known tertiary structure of the 
corresponding horse liver enzyme after proper alignment of the two
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pro teins. Possible influences on the  subun it conform ations of a ll am ino 
acid exchanges, which affect 75% of the positions, were exam ined from 
in te rac tio n s  in  th e  X -ray model of the  horse enzym e. In sp ite  of the  
differences, 90 of 93 s tric tly  in te rn a l residues are  sim ilar, 18 space- 
re s tric te d  glycine residues are  conserved, 16 s tru c tu ra lly  com pensated  
exchanges occur, a ll func tiona lly  e sse n tia l re s id u es  a re  s im ila r  or 
iden tica l, and  41 gaps in  e ith e r sequence m ay be accom m odated in  the 
model. (For de ta il discussion see C hap ter 1). B ased on these  re su lts  it 
w as concluded th a t  the  general su b u n it conform ations and  enzym atic 
m echanism s of the  two enzym es are largely identical.
In  sp ite  of sev e ra l s im ila r it ie s  b e tw een  th e  y e a s t alcohol 
d eh y d ro g en ase  (YADH) an d  ho rse  alcohol dehydrogenase  (H-ADH) 
enzym es, th ere  are  several differences betw een these  two enzymes. One of 
the  m ain  differences is th a t H-ADH has a broader substra te  specificity as
Cycl{( &lipi*.dLct a*/.
com pared  to Y-ADH. YADH fails to catalyse  arom atic  alcohols like
A
cyclohexanol and  benzylalcohol (both alcohols are  su b stra tes  for H-ADH). 
Y-ADH is com pletely inactive  tow ards those secondary alcohols w here 
bo th  alkyl groups are  la rger th a n  m ethyl and active w ith  only one isom er 
of butan-2-ol and  octan-2-ol (D ickerson and D alziel., 1967). T his is in  
co n tras t to H-ADH. Based on all these  com parisons it  w as concluded by 
B ran d en  et al.y (1975) th a t  the  above m entioned differences m u st re su lt 
from differences in  the  p a rt of the substra te  binding pocket th a t  is close to 
zinc in  H -A D H . B ra n d en  et al.} fu r th e r  concluded  th a t  th e  m ain  
differences in  the  active site pocket region are ser-48 and phe-93 in  H-ADH 
to th r  and  trp  respectively  in  Y-ADH. The effect of these changes is a 
sm aller su b s tra te  b inding  pocket as judged from H-ADH. To study  the 
effects of en larg ing  the  active site pocket of Y-ADH in itia lly  we decided to 
in troduce two am ino acid changes th a t  is 48Thr and 93Trp to 48Ser and 
93Phe respectively.
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4.2. RESULTS
4.2.1. OLIGONUCLEOTIDES
Two synthetic 21 base oligonucleotides incorporating the required 
base changes (Figure 4.1) were synthesized using the Beckman System 1 
DNA Synthesizer. The sequencing primers were also synthesized on the 
Beckman synthesizer. Synthetic nucleotides were purified by HPLC using 
a Partisil SAX10 column. The column was equilibrated with HPLC buffer 
A for 10 minutes. 20 pi of crude oligonucleotide sample was injected. A 
gradient of 0 to 80% HPLC buffer B was run over a period of sixty minutes. 
When the desired peak v»Tas seen (large peak, Figure 4.2), the material 
eluting at the column outlet was collected.The pure oligonucleotide 
sample was then desalted by dialysing against deionized water.
4.2.2. DNA
The yeast plasmid pY9T6 was obtained by Williamson et al., 1980 by 
inserting a 4.9 kb Sau3A fragment of yeast genomic DNA, containing the 
structural gene (ADC) for YADH-1, into the yeast plasmid yRP7 which 
contains ARS1 (autonomous replicative sequence) and the TRP1 gene. An 
unwanted 1.4 kb DNA fragment was excised by BamHl from pY9T6 to give 
the plasmid pJC. The BamHl fragment (3.4kb) carrying the gene for 
ADH1 was excised from pJC and cloned into M13mpl9 and single- 
stranded template DNA was isolated as described in Section 3.1.2 for site- 
directed mutagenesis.
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4.3. SITE-DIRECTED MUTAGENESIS
M utagenesis was carried out as detailed  in  Section 3.1.2. Synthetic 
21 b ase  o lig o n u c leo tid es w ere p h o sp h o ry la te d  by ATP an d  T4 
polynucleotide k inase  (Section 3.1.2.C) and  both  m ixed w ith  the  single 
s tran d ed  tem p la te  DNA. N on-phosphorylated M l 3 un iversal sequencing 
p rim er was also included. The m ixture w as placed a t 65° for 5 m inutes 
and room tem p era tu re  for 5 m inutes. S ubsequent extension and ligation 
were carried  out as described in  Section [3.1.2.E(ii)]. The DNA sam ple 
was diluted 10X, 20X, 100X and 500X w ith TE buffer. Then 1 fil and 5 jil of 
each d ilu tio n  w as used  to tran sfo rm  com peten t JM 101 cells. A fter 
tran sfo rm a tio n  the  p laques were lifted  onto n itrocellu lose  filte rs  and 
sc ree n ed  fo r m u ta n ts  by p rob ing  w ith  y32P la b e le d  sy n th e tic  
oligonucleotides Section [3.1.2.E (iv)]. P laques contain ing  m u ta n t DNA 
were detected by plaque hybridization. All the  plaques th a t  hybridized a t 
62° w ere picked, grown and sing le-stranded  DNA p repared  from them  
(Section 3.1.2.A). Dot blot hybridization was carried  out in  duplicates w ith 
two d ifferent m utagenic oligonucleotides as probes separa te ly  (Figure 4.3) 
The positively identified m u tan t DNA were fu rth er purified by p lating  out 
w ith  an  overn igh t cu ltu re  of JM101 cells. Single s tran d ed  DNAs were 
p rep a red  from  several plaques and  the base changes were confirm ed by 
DNA sequencing.
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4.3.1. DNA SEOTTENflTNa
Single s tran d ed  DNA w as p rep a red  from  m u ta n t and  w ild-type 
cu ltures and sequenced by the  chain  term ination  m ethod of Sanger et al., 
1980. An oligonucleotide p rim er was used for the  sequence around  codon 
48 w hich  p rim ed  84 b ases  aw ay  and  the  T h r-S er change 21 base  
oligonucleotide was used  as p rim er to sequence a round  the  93 codon 
region (120 bases away) see F igure 4.4.
A fter confirm ing th e  desired  base changes, M13RF w as p rep a red  
(Section 2.2.2). Then 3.45kb DNA fragm ent containing the  ADH1 gene and 
cut out by B am H l and cloned into yRP7 to give the  plasm id pMC. P lasm id 
pJC  and pMC were grown up in  E.ccli RR1, purified  by caesium  chloride 
d e n s ity  g ra d ie n t c en trifu g a tio n  (Section  2.2.1) an d  u sed  for y e as t 
tran sfo rm a tio n .
4.3.2. ENZYME PU RIFICA TIO N
Y east cells con ta in ing  th e  p lasm ids pJC  and  pMC w ere grow n 
separa te ly  on synthetic m edium  containing salts , v itam ins and  glucose as 
a n  energy source w ith ag ita tion  a t 30°. A fter reach ing  s ta tio n ary  phase 
th e  cells w ere collected by cen trifuga tion  and  resuspended  in  lOmM  
potassium  phosphate buffer containing 0.2 mM DTT (pH7.5). This yielded 
approxim ately  6.0g of cells (wet weight). The cells were lysed by v ibration  
w ith  glass beads in  a B raun  shaker w ith the above phosphate buffer. The 
crude ex trac t was centrifuged a t 15,000g for 10 m inutes (at 4°) to remove 
cell d e b ris . The s u p e rn a ta n t  co n ta in in g  th e  ADH enzym e w as 
frac tiona ted  w ith cold acetone (-20°) by the  procedure of Racker, 1950 (see 
F igure  4.5). The partia lly  purified ADH enzyme was th en  fu rth e r purified 
by chrom atography on DEAE Sephacel (Figure 4.6) using a g rad ien t of 0.1-
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l.OM NaCl in lOmM phosphate buffer (pH7.5) with 0.2mM DTT. The 
purified enzyme was precip itated  w ith 80% ammonium sulfate 
(overnight). The protein precipitate was spun down and resuspended in 
lOmM potassium phosphate buffer pH7.5 containing 0.2mM DTT. Yields 
were of the order of 40-50%.
The enzyme preparation was pure giving single bands on SDS gels 
and on polyacrylamide gels stained for activity . After electrophoresis the 
gel was stained as described by Fowler (1972). The gel was stained for 2-4 
hours in the following solution: 8mg phenalzine methosulfonate, 20mg 
nitrozolium blue, 100mg NAD+, lOOjil of ethanol in 0.1M Tris buffer pH8.6.
Kinetic parameters were examined by measuring NAD+ reduction 
at 340mn in a SP8-100 Pye Unicam UV spectrophotometer. The reaction 
was carried out in a 1ml glass cuvette. Enzymes were assayed in lOOmM 
phosphate buffer pH 8.5, ImM NAD and alcohol at 25°* The initial rates 
were determ ined by m easuring the reduction of NAD+ at varying 
concentrations of substrates (alcohol). The Michaelis constant (Km) and 
maximum velocity (Vmax) were deduced from graphical plots.
4.4. DISCUSSION
The mutagenesis step was checked at 23° and 62° by hybridization 
with y32p labeled mutagenic oligonucleotide. Plaques containing mutant 
DNA hybridized at 23° and 62°; whereas wildtype DNA only hybridized at 
23° (Figure 4.5). This was further confirmed by doing the dot blot 
hybridization on all the suspected m utants. C ultures of phages 
containing parental or m utant DNA were isolated, grown up and further 
purified. Sequencing of wildtype DNA gave sequences corresponding to 
those previously reported by Bennetzen and Hall, 1982. The correct base
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changes as specified by the  synthetic  oligonucleotides used (Figure 4.1) 
were confirmed in the m u tan t DNA (Figure 4.7).
Y east tran sfo rm a tio n  gave in itia l d ifficu lties w hich m ay have 
arisen  from the fact th a t the recipient yeast is a slow grower. I t  was never 
found possible to transfo rm  cells which w ere no t in  logarithm ic growth 
phase and the  transfo rm ation  frequency decreased drastically  w hen cells 
w ith  O.D.> 1.2 were used. We obtained tran sfo rm an ts  a t  the ra te  of 40 
tran sfo rm an ts /u g  of DNA and  a t  a frequency of 1/105 cells trea te d . 
T ransform ants were in itia lly  detected by th e ir  ability  to grow on m edium  
lacking tryp tophan  indicating  th a t TRP1 gene w as transferred ; they  were 
then  fu rth er tested  on antim ycin A plates. As antim ycin inhib its oxidative 
phosphory lation  only cells w ith  a functional ADH can ferm ent glucose 
and  grow. In  o rder to check th a t  the  m u ta tion  was still p resen t a fte r 
t r a n s fo rm a tio n ,  DNA w as p re p a re d  from  se v e ra l y e a s t
tran sfo rm an ts , and  E.coli cells were transfo rm ed  for fu rth e r  screening. 
I t  was never found possible to transform  JM101 cells w ith  DNA prepared  
from yeast, which m ay be due to the low copy num ber of plasm ids in yeast. 
DH5 cells m ade com petent by H anahan 's (1985) procedure gave reasonably 
good tra n s fo rm a tio n  re s u lts  DNA w as iso la ted  from  DH5 by th e  
m iniscreen procedure and was positively probed by labeled m utagenic 
oligonucleotide and the DNA sequenced - confirm ing th e  presence of the  
m u ta ted  ADH1 gene in the yeast cells.
K inetic  p ro p erties  of th e  p a re n ta l  enzym e (YADH-1) and  th e  
engineered enzyme (M CI) were compared. The resu lts  (Table 4.1) showed 
th a t  th e  eng ineered  enzym e had  a g re a te r  reac tion  velocity tow ards 
propanol, bu tano l, pen tano l, hexanol, hep tano l, octanol and  cinnam yl 
alcohol th a n  the  wildtype enzyme. There was only a very slight activity of 
th e  p a re n t  enzym e tow ards th e  b ran ch ed  alcohols isopropanol and  
isobutanol; th is  was difficult to m easure accurately b u t was increased by a
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factor of two in  the m u tan t enzyme. The activity  profile (Figure 4.7) of the 
wild type enzyme and the m u tan t enzyme (MC I) is i more
space available for larger alcohols (especially C6-Cs alcohols) in  the  active 
site of the  m u tan t enzyme. The substra te  affinities of the m u ta n t enzyme 
ap p ea r to be slightly  less th a n  those of th e  unm odified enzym e. I t  is 
possible th a t  th is slight difference m ay correlate w ith the  fact the  change 
from trp  to phe could decrease the  hydrophobicity of the  active site area. 
T hus the  prediction th a t  amino acid changes to increase  the  size of the  
active site  would enable the enzyme to reac t b e tte r  w ith  alcohols la rger 
th a n  ethanol has been confirmed.
E ven though the  double m u tan t showed an  increase in  the  ra te  of 
activ ity  tow ards larger alcohols as com pared to the  wild type enzyme, it 
w as u n a b le  to accep t cyclohexanol or benzy l alcohol co n tra ry  to 
predictions. On the  basis of these prelim inary  observations, we proceeded 
to look a t  the  effect of substitu tion of several o ther amino acids in  the active 
site  a rea , as well as the im portance of 48Ser and  93Phe indiv idually  in  
increasing  the  space available for alcohols in the  double m u tan t.
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Figure 4.2: Purification of the crude oligonucleotide
(21mer, 5’-OH-ATCTTCTACGAATCCCACGGT) on a Partisil 
SAX 10 column. HPLC buffer A, 0.001M KH2P 0 4 (pH 6.3); 
HPLC buffer B, 0.3M KH2P 04 (pH 6.3) - gradient 0-80% in 55 
minutes. Flow 2.0 ml minute"1.
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Figure 4.3.A: Screening for mutants by phage hybrdisation using the
mutagenic oligonucleotide as a probe. Filters were washed 
in 6xSSC at RT (23°C) and 62°C (see text for details).
I = wash at RT
II = wash at 62°C
Figure 4.3.B: Screening for suspected mutants by dot blot
hybridisation using the mutant oligonucleotide 
as a probe (see text for details).
I = probed with y32?  labeled 48Ser oligonucleotide
II = probed with y32?  labeled 93Phe oligonucleotide
III = filter washed at 62° (4° above the Td value of
the Phe oligonucleotide)
III
Figure 4.3.B:
III
Figure 4.4: DNA sequence around 48 and 93 region of the wild type 
and the mutant Y-ADH.
I = the DNA sequence around the 48 region of the 
wild type DNA (48 Thr)
II = the DNA sequence around the 48 region of the 
mutant DNA (48 Ser)
III = the DNA sequence around the 93 region of the 
wild type DNA (93 Trp)
IV = the DNA sequence around the 93 region of the 
mutant DNA (93 Phe)
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Figure 4.5: Partial Purification of Yeast ADH
CRUDE YEAST EXTRACT
SPIN 10K-15MIN
YEAST 
RESIDUE 
(DISCARD) SUPERNATANT
55° 15 MIN 
SPIN 10K - 15MIN
PPT 
(DISCARD) SUPERNATANT
ICE COLD ACETONE 
50ml/100ml SUPERNATANT 
SPIN 10K - 15MIN
PPT 
(DISCARD) SUPERNATANT
ICE COLD ACETONE 
50ml/100ml SUPERNATANT 
SPIN 10K - 15MIN
EET SUPERNATANT
lOmM PHOSPHATE BUFFER (DISCARD)
YEILD 70-90%
Figure 4.6: The partially purified Y-ADH protein was further purified
on DEAE Sephacel. The buffer used was lOmM potassium 
phosphate buffer (pH 7.5) containing 0.2mM DTT. The Y-ADH 
protein was eluted using a gradient of 0.1-1.0M NaCl in the 
above buffer.
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CHAPTER FIVE: STUDIES ON THE ROLE OF 
FOUR DIFFERENT AMINO ACID RESIDUES IN 
DETERMINING THE SIZE OF THE ACTIVE SITE 
IN Y-ADH.
5.1 INTRODUCTION
As discussed in the previous chapter (Chapter 4) two simultaneous 
changes were made to the active site of the yeast alcohol dehydrogenase I 
enzyme (Y-ADHI) with the object of investigating the proposition of 
Branden et al., (1975) that the oxidation of larger alcohols was hindered in 
Y-ADHI compared to horse ADH. These amino acid changes resulted in 
the m arked increase in the reaction ra te  towards larger aliphatic 
alcohols. In order to establish which amino acid contributed more 
towards this effect, we extended our investigation to examine the role of 
these amino acids individually (amino acids at position 48 and 93).
A closer look at Table 1.3 and Figure 5.14 reveals that there are a few 
other amino acid differences in the yeast enzyme as compared to the horse 
enzyme. For our investigation, we have selected those amino acid 
residues which have been predicted to line the active site pocket in the 
yeast enzyme, and whose side chains are bulkier as compared to the horse 
enzyme or other alcohol dehydrogenase enzymes which exhibit broader 
substrate specificity. This is im portant because a larger substrate must 
have an easier access to this area and m ust bind in a particular 
orientation for the catalysis to occur.
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As discussed in Chapter 1, the other amino acid residue differences 
between the horse enzyme and the yeast enzyme which strike us 
immediately are 57Leu and llOPhe which have been substituted by 57Trp 
and llOAsn in the yeast enzyme. These positions, that is, 48, 57, 93 and 
110 have been shown to be variable in different alcohol dehydrogenases 
with different substrate specificities.
In all the sequenced alcohol dehydrogenases, position 48 is either Thr 
or Ser which is very close to the active site in the horse enzyme. Most of 
the differences in the substrate specificities observed for the isozymes ß 
and r subunits of the human liver alcohol dehydrogenase has been 
correlated to differences at position 48 (Eklund et al., 1987 ). The secondary 
alcohols and benzyl alcohol are poor substrates for ß subunit enzyme as 
compared to r subunit. Rat liver alcohol dehydrogenase enzyme ADHII 
has Thr at position 48, and catalyses cyclohexanol and benzyl alcohol very 
poorly. On the other hand, these alcohols are good substrates for ADHIII 
which has Ser at position 48 ( Julia -** et al., 1988 ). Thr is commonly 
present at position 48 in all forms of yeast alcohol dehydrogenases 
(Bennetzen et al., 1982) and maize alcohol dehydrogenase (Dennis et al., 
1984 and 1985). In all the examples mentioned above, the enzymes which 
have Ser at position 48 have a greater tendency to catalyse bigger alcohols 
than the enzymes which have Thr at position 48. The amino acid 57Trp 
(as compared to 57Leu in the horse enzyme) with a bulky side chain has 
been predicted to impede the accessibility of large alcohols to the active site 
area (Plapp, 1987). Horse ADH has Leu at position 110, Aspergillus 
nidulans has Leu at position 110 (for discussion see Chapter 1). We have 
investigated to examine the effect of replacing bigger amino acids with 
smaller amino acids at various positions by site-directed mutagenesis.
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5.2 RESULTS
5.2.1 Oligonucleotides
The sequence of all the oligonucleotides a re  listed  in  (Figure 5.1). All 
(except one) synthetic  21 base oligonucleotides incorporating the  required 
b a se  ch an g es  w ere sy n th e s ise d  on a n  A pplied  B iosystem  DNA 
sy n th esize r. The oligonucleotide in co rp o ra tin g  th e  base  changes for 
llO A sn  to L eu was synthesised  on a filte r paper disc by the  m ethod of 
M athes (1984). All the oligonucleotides were purified on a 20% sequencing 
gel as described in  Section 3.4.4 .
5.2.2 DNA
The 3.45kb Bam H I fragm ent (carrying th e  gene for yeast ADHD from 
pJC  (M urali and  C reaser, 1986), and  the  1.45kb EcoRI fragm en t from 
YRp79T6 (W illiam son et al., 1980) carry ing  TRPI and ARS (autonom ous
*
replicative sequence) was cloned into pTZ19R (M ead et al., 1986) to give the 
p la sm id  p JC 19R  (F igu re  3.2) for s ite -d ire c te d  m u ta g e n e s is , DNA 
sequencing  an d  expression of alcohol dehydrogenase in  yeast. Single- 
stranded  tem plate  DNA was prepared  as described in  Section 3.2.3.
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5.2.3 SITE-DIRECTED MUTAGENESIS
We investigated  the  use of two d ifferent procedures for in troducing 
site-specific base changes into DNA. Two ADHI m u tan ts  were isolated by- 
u sin g  u rac il DNA as the  tem p la te  (K unkel, 1985). F or discussion see 
C h ap te r 3. The m utagenic oligonucleotide was 5' phosphorylated  w ith  
ATP and  polynucleotide k inase  as described in  Section 3 .1 .2 .C. The 
m utagenic  oligonucleotide was mixed w ith  the uracil containing tem plate  
DNA and  the  m utagenesis was perform ed as described in  Section 3.3.2. 
The m utagenesis m ixture was p lated  out on am picillin containing plates. 
All th e  colonies th a t  grew  on th e  p la te s  w ere grow n up and  single- 
s tran d ed  DNA iso lated  from them . The sing le-stranded  DNA was then  
sequenced to confirm the base changes.
The re s t of the m u tan ts were isolated by the modified m ethod of Zoller 
and  S m ith  (1984). Phagem id pJC19R w as used as the  single s tranded  
tem pla te  DNA (Mead et al., 1986). The m utagenic oligonucleotide was 5' 
phosphorylated  w ith  ATP and polynucleotide kinase. The phosphorylated 
m utagen ic  oligonucleotide and the  M l 3 reverse sequencing p rim er were 
m ixed w ith  the  single s tranded  tem plate  DNA and the  m utagenesis was 
perform ed as described in  Section 3.2.4. The m utagenesis m ix ture  was 
used  to tran s fo rm  com petent JM 101 cells. A fter tran sfo rm a tio n  the  
b a c te ria l colonies w ere lifted  onto H ybond nylon f ilte rs  and  colony 
hybrid isation  was perform ed as described in  Section 3.2.6 (see F igure 5.2). 
F ilte rs  w ere w ashed a t different tem pera tu res as described before. After 
the  final h igher tem pera tu re  w ash the  filters were exposed to XAR5 film 
and  th e  a u to rad io g rap h y  w as perform ed. S uspec ted  m u ta n ts  w ere 
fu rth e r  purified  and  single s tranded  DNA prepared  from them  for DNA 
sequence analysis.
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5.2.4 DNA SEQUENCING
Single s tran d ed  DNA from the m u ta n t and  the  w ildtype cu ltu res 
w ere sequenced by the chain term ina tion  m ethod as described in Section 
4.3.1. ADH1 sequencing prim er was used to sequence position 48 and  57 
region which prim ed 84 bases away. The oligonucleotide which coded for 
48T hr to Ser was used to sequence the  position 93 region (129 bases away). 
The oligonucleotide which coded for 93Trp to Phe was used to sequence the 
position 110 region (42 bases away).see Figure 5.3.
A fter confirm ing the desired base changes, the plasm ids were grown 
up in  E .coli JM 101, pu rified  by caesium  chloride d en sity  g rad ie n t 
centrifugation  and the pure plasm id DNA used for yeast transform ation .
5.2.5 ENZYME PURIFICATION
Y east transfo rm an ts were grown up as described in  C hapter 4. After 
reach ing  s ta tio n ary  phase the  yeast cells were collected by centrifugation 
and  resuspended  in  lOmM potassium  phosphate buffer containing 0.2mM 
EDTA and  0.2 mM DTT pH6.5. The cells were lysed by v ibration w ith glass 
beads in  a  B rau n  shaker w ith  the  above phosphate  buffer. The crude 
ex trac t w as centrifuged a t 15,000g for 10 m inu tes a t 4°C to remove cell 
debris. The ADH enzyme was th en  purified on a Blue D extran  Sepharose 
colum n (C reaser et a l., 1985). 20g of blue sepharose w as loaded into a 
P h a rm ac ia  colum n (20x5cm) and  w ashed w ith  d istilled  w a te r and  the 
crude e x tra c t was loaded onto the  column and  th en  w ashed w ith  lOmM 
phosphate  buffer pH6.5 containing 0.2mM EDTA and  0.2mM DTT. The 
ADH enzym e was eluted w ith 0.1 mM NAD and 5mM Pyrazole in  the above 
phosphate buffer (Figure 5.4). The purified enzyme w as th en  precipitated  
w ith  80% am m onium  sulfate. The pro tein  p rec ip ita te  was pelleted  and
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resuspended  in  83mM phosphate buffer 40mM KCL 0.2mM DTT pH7.3 
and  dialysed overnight aga in st the sam e buffer. The enzyme preparation  
w as checked for purity  as described in  Section 4.3.
K inetic experim ents were perform ed as described in  Section 4.3. A 
physiological buffer of 83 mM potassium  phosphate buffer and  40mM KC1 
a t pH7.3 (a t 30°) was used for kinetic experim ents (G anzhom  et al., 1987). 
The in itia l ra te s  were m easured  as described before and fed into an  IBM 
XT C LO N E p e rso n a l co m p u ter. U s in g  th e  E n z f i t te r  p ro g ram  
(L eatherbarrow  et al., 1985), the  Vmax and Km values were obtained.
5.3 DISCUSSION
5.3.1 48THR TO SER CHANGE
C om parison of k inetic  d a ta  from  the  w ildtype and  the  engineered 
48Ser m u ta n t shows th a t  the  activ ity  tow ards alcohols from C3 to C6 is 
m arked ly  increased  in the  Ser m u ta n t com pared to the  wildtype (Figure 
5.5). The alcohols from C2 to C4 have reduced Km values in  the  Ser 
enzym e; b u t  an  increased  one w ith  pen tano l and  hexanol (Table 5.2). 
T here  is an  overall increase  in  th e  ra te  enhancem en t (Vmax/Km, see 
F ig u re  5.6). The increase  in  efficiency can be co rre la ted  w ith  the  
increased  space available in  the  active site  a rea  and  th is  agrees w ith 
Jo rn v a ll's  (1978) observation. However, there  was no oxidation of large 
alcohols such  as cyclohexanol, b u t th e re  w as a m ajor increase in  activity 
w ith hep tano l and octanol (see F igure 5.7) Y east ADH will only a ttack  one 
of the  stereoisom ers of 2-octanol. W hereas, horse ADH will oxidise both 
isom ers (Dickinson and Dalziel, 1965). I t  is predicted th a t  the active site 
area in  y east enzyme is not large enough to perm it adequate m ovem ent of
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the  secondary alcohols. P relim inary  resu lts  indicate th a t the  Ser enzyme 
can a ttack  both isom ers of 2 -octanol.
5.3.2 CHANGES AT POSITION 57
The am ino acid a t position 57 in  the  horse enzym e is Leu and the 
corresponding amino acid residue in  yeast is Trp. We iso lated  a yeast 
enzym e w ith  the change 57Trp to Leu to correspond to the  horse enzyme 
situation . We also m ade 57Ala on the grounds th a t, if  size is an  im portant 
consideration  in  th is  a rea  m aking an  57Ala (Ala being sm aller th an  Leu) 
enzym e should  have a m arked  effect on the  expansion of space in  the  
active site area . However, the yeast Leu enzyme was m arkedly  less active 
tow ards aliphatic  alcohols from C3 to Cö th an  the wildtype enzyme (Figure 
5.8), w hereas, the  yeast 57Ala enzyme was no t m uch d ifferent from the 
w ildtype enzym e except w ith  reg a rd  to n -butanol, w here i t  w as more 
active. In  general, w ith  the  yeast Leu enzyme Km values were lowered, 
thus the  efficiencies were h igher for the  C3 to Ce a liphatic  alcohols (Table 
5.3). T he y e a s t 57Ala enzym e w as no t m uch affected in  efficiency 
com pared to the  wildtype enzyme except w ith isopropanol (see F igure 5.9 
and  Table 5.4) This lack of significant increase in  activ ity  tow ards large 
alcohols by m u tan ts  a t position 57 is contrary to expectations.
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5.3.3 CHANGES AT POSITION 93
We changed am ino acid 93 from T rp to Phe in  the  y east enzyme 
corresponding to the situation  in  the horse enzyme. We also m ade 93Ala 
yeast enzym e to investigate  w hether a sm aller am ino acid would m ake a 
b igger effect. T here w as an  increase  in  the  activ ity  of the  yeast Phe 
enzym e tow ards h igher a liphatic  alcohols (F igure 5.10). A closer look 
reveals th a t  93Phe change is more effective on C3 to Cq a liphatic  alcohols. 
The yeast 93Ala enzyme was not m uch different from the  wildtype enzyme 
(Table 5.6). The Km value for the  Phe enzyme was slightly larger th an  for 
the  w ildtype enzyme and th is  is reflected in  the  ra te  enhancem ent plots 
(Figure 5.11 and Table 5.5).
5.3.4 CHANGES AT POSITION 110
T hree d ifferent yeast ADH enzym es were iso lated  w ith  changes a t 
position 110. These are llO L eu , llO V al (sm aller th a n  Leu) and  llO P h e  
(corresponding to the  horse enzyme situation)). C hanging the  wild type 
llO A sn  for the  more nonpolar Leu, Val reduced the  activities of both these 
enzym es by m arked  am ounts (Tables 5.7 and  5.8). The llO P h e  enzyme 
was very  sim ilar to the wild type enzyme (Figure 5.12 and Table 5.9). The 
la rg est effects were w ith the  llO V al enzyme w here the  ra te  enhancem ent 
was considerably  reduced. The ra te  enhancem ent w as g rea te r  w ith  the  
llO L e u  an d  the  llO P h e  due to an  increase  in  re la tive  activ ity  and  a 
decrease in  Km  (Figure 5.13).
I t  is concluded from th is study th a t  the largest effects are achieved by 
the su b stitu tio n  a t position 48 followed by 93. These two amino acids are 
m uch closer to the  active site th an  the am ino acids a t position 57 and 110. 
The y east enzym e w ith the 57 and the 110 am ino acids changes are  much
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less effective and  no change su b s tan tia lly  affects the  oxidation^bigger 
alcohols like cyclohexanol or benzyl alcohol, w hich are  effectively non­
su b stra tes  for all the yeast m u tan t ADH enzymes tested.
Two possible explanations are suggested. E ith er the  struc tu re  of the 
horse enzym e and the yeast enzyme active site a rea  are  too d issim ilar to 
enable any  reasonable predictions to be m ade on am ino acid changes or 
o ther am ino acids in  th is area  m ay have a bigger role to play in  controlling 
the  su b s tra te  specificity th an  suggested before. In  the  horse enzyme, the 
am ino acids 48 and  93 are a t the  bottom  of the active site pocket and the 
am ino acids 57 and 110 are  m idway in  the th ro a t (see F igure 5.14). I t is 
possible th a t  large amino acids fu rth er tow ards the  surface in  the yeast 
enzym e m ay p lay  a b igger role in  blocking to ta lly  the  en try  of large 
m olecules such as cyclohexanol and benzyl alcohol to the  active site area.
5’ 57 3’
CAC GGT GAC TTG CCA TTG CCA 
Leu
57
CAC GGT GAC GCG CCA TTG CCA 
Ala
93
GGT ATC AAA GCC TTG AAC GGT 
Ala
110
AAC GAA TCC TTG TGT CCT CAC 
Leu
110
AAC GAA TCC G IT  TGT CCT CAC 
Val
110
AAC GAA TCC TTG TGT CCT CAC 
Phe
Figure 5.1: The oligodeoxyribonucleotides used to
effect site-directed m utagenesis a t positions 
57, 93 and 110 in  the Y-ADH gene. 
M ismatch underlined.
Figure 5.2: Screening for mutants by colony hybridisation using the
mutagenic oligonucleotide as a probe. The filters were 
washed in 6xSSC at RT (23°) and at (or above) the Td value 
of the mutagenic oligonucleotide.
For this experiment the Y-32P labeled llOLeu oligonucleotide 
was used as the probe.
I = wash at RT
II = wash at 66° (4° above the Td value of the oligonucleotide)
III
Figure 5.3: The DNA sequence around 57, 93 and 110 region of the
wild type and the mutant DNA (Y-ADH).
I = the DNA sequnce around the 57 region of the 
57Leu mutant DNA
II = the DNA sequence around the 57 region of the 
57Ala mutant DNA
For the wild type 57Trp region see Figure 4.41.
III = the DNA sequence around the 110 region of the 
wild type DNA (llOAsn)
IV = the DNA sequence around the 110 region of the 
mutant DNA (llOLeu)
I ii
G A T C G A T C
mm
CCA k M g iw CCA
TTG TTG
* * CCA CCA
* * TTG H ' GCC
GAC — GAC
GGT GGT
CAC CAC
mmtm

Figure 5.4: Purification of the crude Y-ADH on Blue Sepharose
column. The column was washed with lOmM potassium 
phosphate buffer pH 6.5 containing 0.2mM EDTA and 
0.2mM DTT. The Y-ADH was eluted with O.lmM NAD and 
5mM pyrazole in the above phosphate buffer. The proteins 
were elctrophoresed, tested for purity and activity as described 
in the text.
WT = Wild type Y-ADH
Ml, M2 and M3 are mutant Y-ADH proteins
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Figures 5.5 to 5.13 and Tables 5.1 to 5.9: Kinetic parameters were 
examined by measuring NAD reduction at 340 nm. Enzymes were 
assayed in 83mM potassium phosphate buffer, 40mM KC1 pH 7.3 
and ImM NAD (at 30°). Amounts of enzymes were used for the 
comparison such that they showed the same velocity with ethanol. 
The HPLC grade pure alcohols were used.
Note
Previous results (Chapter 4) were obtained at pH 8.6 which is the 
optimum pH of ADH1. Subsequent experiments were performed 
pH 7.3 to facilitate correlation with the results of the Plapp group
The standard deviations of all the kinetic parameters were 
generally better than 10%.
Table 5.1: Wild type ADH-1
ALCOHOL Km(MxlO*3) RELATIVE
Vmax
100V/K logV/K
Ethanol 14.8 100 675 2.83
72-Propanol 23.6 35 148 2.171
n-Butanol 40.7 16 39.3 1.59
n-Pentanol 27.4 5.8 21.2 1.32
n-Hexanol 11.53 2.7 23.4 1.36
iso-Propanol 139.3 3.9 2.79 0.447
Table 5.2: 48Thr to Ser change.
ALCOHOL Km(MxlO-3) RELATIVE
Vmax
100V/K logV/K
Ethanol 9.9 100 1010 3.00
7i-Propanol 12.9 49 379 2.57
/2 -Butanol 17.7 32.3 182.5 2.26
72-Pentanol 82.9 42 50.66 1.70
72-Hexanol 15.1 13 86.1 1.93
iso-Propanol 201 11 5.47 0.738
Table 5.3: 57Trp to Leu change.
ALCOHOL Km(MxlO_3) RELATIVE
Vmax
100V/K logV/K
Ethanol 29.5 100 338 2.52
n-Propanol 14.6 6.6 45.2 1.65
/i-Butanol 9.51 5.3 55.7 1.74
n-Pentanol 11.3 5.6 49.5 1.69
rc-Hexanol 4.25 3.4 80 1.90
iso-Propanol 39.8 1.6 4.02 0.6
Table 5.4: 57Trp to Ala change.
ALCOHOL Km(MxlO'3) RELATIVE
Vmax
100V/K logV/K
Ethanol 17.01 100 587 2.76
^-Propanol 30.2 15.1 50 1.698
n-Butanol 44.6 32.5 72.8 1.86
n-Pentanol 49.5 6.7 13.53 1.13
n-Hexanol 5.4 2.19 19.0 1.28
iso-Propanol 11.5 2.19 19.0 1.28
Table 5.5: 93Trp to Phe change.
ALCOHOL Km(MxlO'3) RELATIVE
Vmax
100V/K logV/K
Ethanol 23.5 100 425 2.62
n-Propanol 130 42.5 32.7 1.51
rc-Butanol 118 18.3 15.5 1.19
n-Pentanol 103 10 9.71 0.98
n-Hexanol 12.8 2.79 21.79 1.34
iso-Propanol 162 0.68 0.419 0.37
Table 5.6: 93Trp to Ala change.
ALCOHOL Km(MxlO-3) RELATIVE 100V/K
Vmax
logV/K
Ethanol 12.9 100 775 2.88
/i-Propanol 35.5 31.6 89.1.94
n-Butanol 38.3 17.2 44.9 1.65
n-Pentanol 50.9 5.28 10.3 1.02
iso-Propanol 224 11.6 5.17 0.713
Table 5.7: llOAsn to Leu change.
ALCOHOL Km(MxlO'3) RELATIVE
Vmax
100V/K logV/K
Ethanol 13 100 769 2.88
/i-Propanol 29.4 20 68 1.8
tt-Butanol 39.2 9.4 24 1.37
n-Pentanol 23.4 3 12.8 1.10
n-Hexanol 6.36 1.4 22 1.34
iso-Propanol 107 4.5 4.2 0.62
Table 5.8: llOAsn to Val change.
ALCOHOL Km(MxlO"3) RELATIVE
Vmax
100V/K logV/K
Ethanol 6.45 100 1550 3.19
7i-Propanol 41.7 10 23.9 1.37
n-Butanol 41.09 3.75 9.12 0.96
/i-Pentanol 23.7 1.03 4.34 0.63
/i-Hexanol 10.8 1.8 1.45 0.16
iso-Propanol 124 1.8 1.45 0.16
Table 5.9: llO A sn to Phe change.
ALCOHOL KmCMxlO-3) RELATIVE
Vmax
100V/K logV/K
E thanol 16.1 100 625 2.79
7i-Propanol 48.2 36 74.6 1.8
7i-Butanol 30.9 10.6 34.2 1.53
7i-Pentanol 23.0 3 13 1.115
7i-Hexanol 18.4 2.8 15.2 1.18
iso-Propanol 88.3 4.15 4.7 0.672
Table 5.10: Km values of different m utants. (MxlO-3)
ALCOHOL WILD
TYPE
48Ser 57Leu 57Ala 93Phe 93Ala llO Leu HOVal HOPhe
E thanol 14.8 9.9 29.5 17.01 23.5 12.9 13 6.45 16.1
7i-Propanol 23.6 12.9 14.6 30.2 130 35.5 29.4 41.7 48.2
7i-Butanol 40.7 17.7 9.51 44.6 118 38.3 39.2 41.09 30.9
7i-Pentanol 27.4 82.9 11.3 49.5 103 50.9 23.4 23.7 23.0
7i-Hexanol 11.53 15.1 4.25 5.4 12.8 9.9 6.36 10.8 18.4
iso-Propanol 139.3 201 39.8 11.5 162 224 107 124 88.3
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Figure 5.14: A schematic representation of the hydrophobic barrel 
constituting the active site cleft of H-ADH.
(Branden, 1977)
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CHAPTER 6: EFFECT OF MULTIPLE AMINO 
ACID RESIDUE SUBSTITUTIONS ON THE SIZE 
OF THE ACTIVE SITE OF Y-ADH.
6.1 INTRODUCTION
In the preliminary studies, the effect of substitution of two amino 
acids in Y-ADH were investigated. After this, several key amino acid 
residues were identified in the active site of Y-ADH (for discussion see 
Chapters 1 and 5). The effect of substitutions of amino acids at positions 
48, 57, 93 and 110 were investigated in order to establish which substitution 
would have more pronounced effect on the expansion of the active site. 
None of these mutants were able to oxidise cyclohexanol or benzyl alcohol 
contrary to predictions (Branden et al., 1975; Jomvall et a l., 1978; Plapp et 
al., 1987). Nevertheless, some of the mutants showed a marked increase 
in the rate of activity towards higher aliphatic alcohols proving that these 
changes alone are not big enough to make Y-ADH accept bigger alcohols. 
The idea of isolating these mutants with different combinations of single 
substitutions was to identify the best effect and eventually introduce these 
changes simultaneously into Y-ADH. This new multiple mutant would be 
predicted to have a much bigger active site area, enabling it to attack 
bigger alcohols.
It must be remembered here that the alcohol dehydrogenases which 
catalyse cyclohexanol or benzyl alcohol have more than one amino acid 
difference (mainly at positions 48, 57, 93 and 110) as compared to the Y- 
ADH. As discussed before, the best example is that of H-ADH, which has 
48Ser, 57Leu, 93Phe and HOPhe. On the other hand, Y-ADH has 48Thr, 
57Trp, 93Trp and HOAsn. These positions have been shown to line the
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active site  pocket of the H-ADH and com parison stud ies have ind icated  
th a t  su b s titu tio n s  a t th ese  positions in  Y-ADH are  responsib le  for 
constra in ing  the active site pocket. So it  would be desirable to have, a t 
least, m ore th a n  one change a t positions 48, 57, 93 and 110 to exam ine the 
effects of m ultip le changes on the substra te  specificity of Y-ADH.
I t  w as suggested in  the  previous chap ter th a t  e ither the  s tru c tu re  of 
Y-ADH and  H-ADH are d issim ilar or o ther am ino acid residues fu rth e r  
tow ards the  surface a rea  of the  active site m ay play  a bigger role th a n  
expected before. Therefore, m ultip le  m u ta tions in  Y-ADH as suggested 
above possibly would shed more light on the  size-specificity rela tionsh ip  of 
the  active site area  in  the  Y-ADH.
6.2 RESULTS
6.2.1 OLIGONUCLEOTIDES
The * sequences of some of the  oligonucleotides are  lis ted  in
F igu re  5.1 and  these oligonucleotides were syn thesised  as described in  
Section 5.2.1. The th ree  oligonucleotides for deletions were synthesised  on 
the  B eckm an system  I DNA syn thesiser and  they  are listed  in  F igure 6.1. 
All th e  oligonucleotides w ere p u rified  on a 20 % sequencing  gel as 
described in  Section 3.4.4.
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6.2.2. DNA
The 3.45kb Bam H I fragm ent from pMC (see C hapter 4) carrying two 
m utations, th a t is, T hr to Ser a t position 48 and Trp to Phe a t position 93 on 
the  yeast ADH gene, and the 1.45 EcoRI fragm ent from YRp79T6 carrying 
T R PI and ARS were cloned in to  pTZ19R, sing le-stranded  DNA iso lated , 
and  was used as the  tem plate  DNA for the  m utagenesis experim ents.
6.2.3. SITE-DIRECTED MUTAGENESIS
All th e  s tep s for m u tag en esis  w ere s im ila r to th e  p rocedure  
described in  Section 5.2.3.B.
6.2.4 DNA SEQUENCING
S ing le-stranded  DNA from  th e  m u ta n t and  th e  wild type w ere 
sequenced by the  chain term ina tion  m ethod as described before. V arious 
p rim ers  w ere used  to sequence the  regions around  57, 93, and  110 as 
described in Section 5.2.4.
A fter confirm ing th e  desired  base  changes, th e  p lasm ids w ere 
grow n up in  E. coli, JM 101 purified by caesium  chloride density  g rad ien t 
centrifugation  and the pure plasm id DNA used for yeast transform ation .
6.2.5. ENZYME PURIFICATION
All the  steps for enzyme purification were essen tia lly  sim ilar to the  
procedure described in  Section 5.2.5.
K inetic experim ents were perform ed and d a ta  collected from  them  
as described in  Section 5.2.5.
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6.3 DISCUSSION
6.3.1 CHANGES INTRODUCED INTO MCI AT 
POSITION 57
(i) . Triple mutant 1 (MCI + 57Leu)
Comparison of the kinetic data for the wild type and the 57Leu 
mutant enzyme showed that the Km values were lowered resulting in 
higher efficiency for C3 to Cg aliphatic alcohols. Although much was
expected of this enzyme, it failed to accept cyclohexanol or benzyl alcohol. 
In order to see if this change (57Trp-leu) could have an additive effect on 
the expansion of active site in MCI, we substituted 57Trp with leu in MCI. 
Comparison of this mutant enzyme with its parent enzymes shows that 
this triple mutant is in fact less active than its parent enzymes (Figure 
6.2). In general, this mutant enzyme has higher Km values as compared 
with its parent enzymes, thus reducing the efficiency for higher alcohols 
(Table 6.1 and Figure 6.3) except with regard to hexanol. This decrease in 
affinity as a result of increase in Km values is possibly due to a decrease in 
hydrophobicity in the active site of the triple mutant. As with the other 
mutant enzymes tested before, the triple mutant 1 enzyme failed to 
catalyse cyclohexanol or benzyl alcohol.
(ii) . Triple mutant 2 (MCI + 57Ala)
The single mutant 57Ala was found to be very similar to the wild 
type enzyme (Section 5.7.2) except with regard to butanol, where it was 
found to be more active. 57Trp in MCI was substituted with Ala (Ala being 
smaller than Leu). Comparison of the activity profile of the triple mutant 
2 with its parent enzyme shows that the rate of activity of this enzyme is 
no better than the wild type enzyme (Figure 6.4). There was no
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im provem ent in  the  activ ity  w ith  la rg e r alcohols. In  general, th e  Km, 
values were increased  slightly in  th is enzyme as com pared w ith the  trip le  
m u ta n t 1 enzyme (Table 6.2). As a resu lt, the ra te  enhancem ent w ith  large 
alcohols was reduced (Figure 6.5). More d a ta  could not be obtained as a 
re su lt of reduced activity of the enzyme.
6.3.2 CHANGES INTRODUCED INTO MCI AT 
POSITION 110
(i) . Triple m u tan t 3 (MCI + llO Phe)
T he single m u ta n t llO P h e  w as found to have reduced  Km  and  
slightly  b e tte r  ra te  enhancem ent as compared w ith the  wild type enzyme. 
The am ino acid llO A sn  in  M CI was su b stitu ted  w ith  Phe. T his change 
caused a considerable reduction in  activity. As a resu lt, we could not get 
enough enzyme to obtain reliable data.
(ii) . Triple m u tan t 4 (MCI + llO V al)
The single change a t th is position did not produce any considerable 
changes except th a t  the ra te  enhancem ent was considerably reduced in 
the  llO V al enzyme. The change 110Asn-Val in  M CI, produced an  enzyme 
w ith  a  m uch h igher Km values as com pared w ith  the  wild type enzym e 
(Table 6.3). The ra te  enhancem ent was reduced com pared w ith  its  p a ren t 
enzym es for m ost of the alcohols tes ted  (see F igure 6.6 and 6.7). A part 
from  these  changes, there  was no notable difference in  the  activity  tow ards 
la rg e r  alcohols.
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6.3.3 CHANGE INTRODUCED INTO 48SER 
MUTANT AT 93
93Phe-Ala
The changes introduced into Y-ADH, i.e., 48Thr-Ser and 93Trp-Phe 
produced an enzyme which had a marked increase in the rate of activity 
towards larger alcohols (Cß-Cs) as compared with the wild type enzyme. 
We substituted 93Phe with Ala on the grounds that Ala being smaller than 
Phe should expand the active site even further. Due to reduced activity we 
could not obtain reliable data.
6.3.4 DELETIONS INTRODUCED INTO MCI
Residues at position? tha t participate in enzymatic functions of the 
horse enzyme have been listed in Table 1.3. Apart from the amino acid 
residue differences tha t have been mentioned, there are a few more 
interesting differences. The most interesting ones are the two proline 
residues that are present in the yeast enzyme on either side of the amino 
acid 59Leu. These two prolines are absent in the horse enzyme. It has 
been suggested that these two prolines may constrict the active site pocket 
size as they are in the close vicinity of the active site. Alignment of 
primary structures for those alcohol dehydrogenases tha t have been fully 
determined (Jornvall et al., 1987) shows that the amino acids at positions 
57 and 58 are Trp and Pro respectively in the yeast enzyme. 
Corresponding to these positions, there is a gap in the horse enzyme. We 
deleted these two amino acid residues on the grounds th a t deletion of 
57Trp (being a bulky amino acid) and 58Pro (being an additional residue) 
present in the active site area might help us to understand the role played 
by these amino acid residues in diminishing the active site of the enzyme.
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The other proline at position 60 and the amino acid 59Leu were also 
removed. However, a closer look at the alignment of these two proteins 
indicate that there are three areas in this region where a deletion of two 
amino acids would give a better alignment between the horse and the yeast 
ADH. Two of them have already been mentioned and the third one is 
61Val-62Lys. The interesting feature with this deletion is that there is a 
Thr at position 61 in the amino acid sequence data obtained by using 
commercial yeast ADH. (see Figure 1.1). But the ADCI gene, which was 
eventually cloned and sequenced, codes for Val at position 61 (see Figure 
1.2). This difference at position 61 might explain the difference in activity 
with some alcohols as observed by us and by Klinman (1981).
(i) DELETION 1
Deletion 1 enzyme was found to be inactive as indicated by the 
inability of the yeast transformants of deletion 1 mutants to grow on 
antimycin A plates. The protein extracted from these yeast cells were 
found to be inactive.
(ii) DELETION 2
Deletion 2 mutant enzyme was found to be very similar to the wild 
type enzyme (Figure 6.8). As compared with MCI, deletion 2 mutant 
enzyme did not show an increase in the rate of activity towards C6-C8 
alcohols
(iii) DELETION 3
Deletion 3 enzyme was found to be less efficient as compared to the 
wild type enzyme (see Table 6.4 and Figure 6.8). Due to unknown reasons 
large amounts of pure active protein could not be isolated from both the
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deletion mutants. As a result more extensive data on these mutants could 
not be presented.
The triple mutant 1 enzyme seems to bind hexanol better than MCI. 
The size of this alcohol may fit in the active site of this triple mutant better 
than  other alcohols. This probably would result in a more productive 
mode for hydrogen transfer. More extensive kinetic studies (including the 
NAD binding and releasing) need to be performed in order to validate this 
hypothesis. The reason for the reduction in the activity of some of the 
m utants mentioned above is not known.
It was surprising to note that the deletion enzyme 1 was inactive as 
compared with the other two deletion enzymes. The deletion of Trp57 and 
Pro-58 individually may give us some interesting result.
We observed from our previous studies on the single m utants that 
either the single changes are not enough to produce a big change or the 
amino acids further away from the active site may have a role to play or 
th a t the structure of the horse enzyme and the yeast enzyme active site 
area are too dissimilar. Our studies on the multiple m utants and deletion 
m utant enzymes suggest tha t most of the amino acid changes appeared to 
have an independent effect on the kinetic param eters of the m utant 
enzymes and th a t the multiple changes we made did not improve the 
catalysis of large alcohols (cyclohexanol or benzyl alcohol). The results 
presented in this Chapter and the studies on the single amino acid 
m utants may suggest that the structure of the horse enzyme and the yeast 
enzyme active site areas are not similar as suggested before, or that amino 
acids other than  those we changed have controlling effects on the 
substrate specificity of the yeast ADH.
DELETION 1
5’ 54 55 56 59 60 61 3'
GG CAC GGT GAC TTG CCA GTT A
(21 bases) His Gly Asp Leu Pro Val
DELETION 2
57 58 59 60 63 64 65
TGG CCA TTG CCA CTA CCA TTA G
(22 bases) Trp Pro Leu Pro Leu Pro Leu
DELETION 3
55 56 57 58 61 62 63 64
GGT GAC TGG CCA GTT AAG CTA CCA
(24 bases) Gly Asp Trp Pro Val Lys Leu Pro
Figure 6.1: The oligodeoxyribonucleotides used to effect deletions a t
positions 57-58, 61-62, and 59-60 in  the  Y-ADH gene.
Table 6.1: Kinetic param eters of triple m u tan t 1 enzyme.
ALCOHOL Km RELATIVE
Vmax
100V/K logV/K
Ethanol 20 100 500 2.69
n-Propanol 32.6 23 70.5 1.84
n-Butanol 41.3 9.25 22.4 1.35
n-Pentanol 36.4 3.62 9.94 0.997
n-Hexanol 3.18 3.6 113 2.05
iso-Propanol 188 4 2.12 0.327
Table 6.2: Kinetic Param eters of triple m u tan t 2 enzyme.
ALCOHOL Km RELATIVE
Vmax
100V/K logV/K
Ethanol 14.3 100 699 2.84
n-Propanol 37.6 37.6 100 2.10
n-Butanol 55.4 14 25.3 1.4
/i-Pentanol 52.06 4.8 9.22 0.96
/i-Hexanol - - - -
iso-Propanol - - - -
Table 6.3: Kinetic param eters of triple m utan t 4
ALCOHOL Km RELATIVE
Vmax
100V/K logV/K
Ethanol 35.2 100 284 2.45
n-Propanol 78.5 26.5 33.75 1.52
n-Butanol 79.5 17 21.3 1.33
n-Pentanol 36.8 4.7 12.7 1.10
n-Hexanol 7.3 10.9 149 2.17
iso-Propanol 199 2.76 1.38 0.14
Table 6.4: Comparison of relative Vmax of the wild type (Y-ADH) and 
the deletion enzymes.
ALCOHOL Y-ADH DELETION 2 DELETION 3
Ethanol 100 100 100
/i-Propanol 19.2 20 14.3
^-Butanol 6.6 6.9 1.0
/i-Pentanol 2.0 2.2 0.6
n-Hexanol 2.9 2.13 0.17
zi-Heptanol 2.16 4.17 2.33
n-Octanol 1.5 1.7 0.6
iso-Propanol 0.96 0.6 0.0
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CHAPTER 7: GENERAL DISCUSSION
One of the promises held out by protein engineering is the ability to 
predictably alter the properties of an enzyme to enable it to attack new 
substrates or catalyse existing substrates more efficiently. The promising 
aspect of such m anipulations is its importance enzymologically and 
potentially industrially. One particularly well characterised enzyme 
which is suited for protein engineering is the alcohol dehydrogenase as its 
complete amino acid sequence is known from a range of organisms and 
its crystal structure has been solved for horse ADH. Information on 
presum ed enzyme mechanisms has been gained from comparative 
studies on homologous enzymes by relating the observed amino acid 
substitutions to changes in function. Such studies have indicated tha t 
yeast and mammalian alcohol dehydrogenases are homologous (Jornvall 
et al.y 1978) but they differ in quarternary  structure and substrate 
specificity. An extensive comparison study on the substrate specificities of 
the horse enzyme and the yeast enzyme has indicated some interesting 
differences between these two enzymes. Horse ADH possesses a very 
broad specificity for its substrates - alcohols, aldehydes and ketones 
whereas yeast ADH has a narrow substrate specificity (see Chapter 1). 
Based on comparative studies Branden et al., (1975) and Jornvall et al.y 
(1978) concluded th a t amino acid differences in the active site pocket 
region are responsible for the differences observed in the substrate 
specificity. This model was further confirmed by Ganzhorn et al., (1987) 
with a computer graphic system.
It was suggested by Branden et a l.y (1975) th a t the amino acid 
residues 48Thr and 93Trp are mainly responsible for the inability of the 
yeast enzyme to accept bigger alcohols like cyclohexanol and benzyl 
alcohol. (Horse ADH has 48Ser and 93Phe) In our prelim inary
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observation we replaced 48Thr and 93Trp with Ser and Phe respectively. 
The comparison of the m utant enzyme with the wild type showed that the 
changes caused a marked increase in the rate of activity towards larger 
alcohols, especially Cß-Cs alcohols. Thus the prediction tha t these two 
amino acids are bulkier and are responsible for diminishing the active site 
was confirmed to some extent. Contrary to earlier predictions, this 
m utant enzyme failed to catalyse cyclohexanol and benzyl alcohol. The 
Km values were slightly increased for all the alcohols tested. This 
increase in Km values was correlated to the substitution of the less 
hydrophobic amino acid Phe. It is very interesting to note here that the 
change from 294Met to Leu in the yeast ADH (Ganzhorn et al., 1987) 
produced a 7-10 fold increase in reactivity with butanol, pentanol and 
hexanol. They have concluded th a t this higher activity is due to an 
increase in the hydrophobicity of the substrate binding site, thus resulting 
in tighter binding of the longer chain alcohols and to more rapid hydrogen 
transfer.
In the next step we selected further amino acid residues, mainly at 
positions 57, 93 and 110 as candidates for site-directed mutagenesis in the 
yeast enzyme. Different amino acids were substituted at these positions 
based on several reasons (see Chapter 5). Disappointingly, none of these 
changes produced any marked difference in the rate of activity towards 
large alcohols like cyclohexanol or benzyl alcohol. Plapp et a l., (1977) 
predicted, by computer graphic analysis, that 57Trp (as compared to 57Leu 
in the horse enzyme) is a bulky amino acid very close to the active site. 
Both changes ie,. Leu and Ala at this position did not bring about a big 
change in the size of the active site according to our kinetic analysis.
The largest changes in kinetic param eters we observed were due to 
substitutions a t position 48 and 93. In the next step, we looked at the 
possibility that single changes alone are not enough to cause a big change
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in the size of the active site. We therefore, proceeded to make multiple 
changes in the substrate binding site of the yeast enzyme. None of these 
changes produced any significant improvement in the rate of activity 
towards larger alcohols. It was suprising to note that most of these 
mutant enzymes had a reduced rate of activity as compared to its parent 
enzymes.
It is interesting to note that some of the mutants (48Ser, 93Phe and 
MCI) have pronounced specificity for large substrates like butanol, 
hexanol, heptanol or octanol. It is possible that in these mutants the extra 
space and slightly decreased hydrophobicity in the active site area may 
presumably hold more water molecules, thus explaining the altered 
kinetic properties. It has been suggested by Julia et al., 1988 that in 
such a case longer and more hydrophobic substrate chains may be 
necessary to displace the enlarged water content thereby allowing for 
correct binding at the substrate binding site. This, probably, may explain 
the reduced activities in general and the increased ability to go for larger 
alcohols in the case of some of the yeast ADH mutant enzymes. More 
extensive kinetic data are needed to validate this hypothesis.
In order to test whether the amino acids further away from the 
active site area, are restricting the entry of large alcohols into the active 
site area, we have identified amino acids at positions 296, 306, 309, 310, and 
324-325. A change 294Met to Leu (Ganzhorn et al., 1987) produced an 
enzyme which had an increased rate of activity towards C4 to Ü6 alcohols. 
This was correlated to the decrease in Km due to increased 
hydrophobicity. On similar grounds the change 296Ala to Pro should 
provide an interesting result. The amino acids 306, 309 and 310 are at the 
neck of the active site pocket in the horse enzyme (see Figure 5.14). The 
substitution of these amino acids to the corresponding amino acids in the 
horse enzyme may reveal some interesting kinetic properties in the yeast
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enzyme. The two amino acids, 324Lys and 325Ser proposed to stabilise the 
s tru c tu ra l zinc binding loop in  the  yeast enzyme have been replaced in  the 
yeast enzyme w ith  324Val and 325Gly respectively (Jom vall, 1978). The 
absence of th is stab ilisation  in  the yeast enzyme m ay lead to a more facile 
loss or exchange of zinc from the pu tative  second zinc binding site. There 
have been contradictory reports on the content of the  struc tu ra l zinc in  the 
y east enzym e. The analysis of 324Lys, 325Ser y east m u ta n t would be 
expected to reveal som ething about the  second s tru c tu ra l zinc in  the yeast 
enzym e.
The changes a t positions 296, 306, 309, and 324-325 are being carried 
out a t  p resen t. The k inetic  experim ents will be carried  ou t to ascerta in  
w h e th e r these  changes m ake any difference to th e  active site. NAD+ 
b ind ing  stud ies are  also being  carried  out on some of the  yeast ADH 
m u ta n ts  to find out if  those changes affect the  b ind ing  of NAD+, thereby, 
a lte rin g  the kinetic properties.
B ased on our experim ents, we conclude th a t  the model proposed by 
B ra n d e n , Jo rn v a ll  a n d  P lap p  does n o t e n tire ly  ag ree  w ith  ou r 
experim ental observations. I t  is possible th a t e ither the  horse enzyme and 
the  yeast enzyme have a different struc tu re  in  the su b stra te  binding site or 
o th e r am ino acids in  th is  region of fu rth e r  aw ay from  th is  region m ay 
have a role to play in  restric ting  the  en try  of large alcohols into the  active 
site a rea  of the yeast enzyme.
The d a ta  obtained from these resu lts would support the  view th a t  it 
is p referab le  to have a 3D stru c tu re  of the  enzym e before one th inks of 
m ak in g  changes in  th e  p ro te in , a lthough , in  some cases com parative 
s tud ies  and  com puter model build ing  m ay ind icate  the  im portance of a 
p a rticu la r  amino acid for a specific role.
U n fo rtu n a te ly , u n til  now all th e  efforts to ob ta in  good quality  
cry sta ls  of the  y east ADH have failed. P lapp (personal com m unication)
103
hopes to get 3D s tru c tu ra l inform ation  on the  y east enzym e in the  next 
couple of years. If  th is is successful the  3D s tru c tu re  of the  yeast ADH 
should enable b e tte r predictions to be m ade for pro tein  engineering.
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